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Part 0. Introduction

Soon after parity violation was proposed in 1956, Landaul'! introduced the combined
CP invariance in 1957. He also observed that "s consequence of invariance with
respect to combined inversion is that the weak interaction operators in the Lagrangian
contain real coefficients”. In 1964, Chirstenson, Cronin, Fitch and Turlayl®l observed
the CP- violating 2x decay of the K] meson. Ever since then, particle theorista have
been running around peering into every likely corner of their Lagrangian looking
for elusive complex phases. At the same time, experimentalists are tuning up their
instruments looking for any other appearance of CP violation. However, 26 years
have passed, and the evidence for CP violation remains confined to the neutral kaon
system while all the CP phenomenology can be very simply explained by a naive
phenomenological model, called the superweak model, introduced by Wolfenstein
the same year CP violation was first observed.

While CP violation remained mysterious, the field of particle physics discovered
its standard model. The standard model is a field theory basically dictated by gauge
principle. The standard model based on the gauge group SU(3)c x SU(2)L x U(1)r
peeded only two geperations when it was first conceived. Kobayashi and Maskawal!
realized that with only two generations there will be no room to put in a physically
meaningful complex phase needed for CP violation. They secked to generalize the
theory to incorporate that and introduced the third generation. They showed that
the theory with three generations has exactly one such CP violating phase. As the
bottom quark aad r lepton were subsequently discovered this model of CP violation
became the standard model of CP violation.

There were other attempts at generalizing the standard model to incorporate CP
violation. Tn 1974, Lee!® provided ancther way of looking at CP violation. He showed
how CP can be broken spontanecusly through the Higgs mechanism just like the gauge
symmetry. He demonstrated the mechanism in & model with minimal extension of
the Higgs sector of the standard model. In the model a second doublet of Higgs
bosons is introduced in addition to the one in the standard model. In this minimal
extension, the CP violation is mediated by the Savor changing neutral Higgs bosona.
The experimental constraints require these bosone to be very heavy. As a result,
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the model behaves like a superweak model. Weinberg!? suggested to eliminate the
flavor changing neutral current by imposing a discrete symmetry in order to acheive
so called “natural flavor conservation”™l. In that case CP can be broken in a two
generation model only when there are three doublets of Higgs bosons. The dominant
CP-violating mechanism is mediated by the charged Higgs bosons. As a result, the
model is milliweak in character. CP can be broken spontaneously or explicitly in the
inodel 89101112 For the case of spontaneous breaking, it is easy to show that
there is only one CP violating phase in the charged Higgs sector and the K-M phase
vanishes at the tree level even when there are three generations of fermions!'®. Being
milliweak in character, the model predicts large CP viclation in many experiments
other than the neutral kaon system. In fact the model is under experimental assult
on many fronts. For example the model predicts relatively large values for 5‘:,"" for
CP violating correlation in semileptonic K3y decay*!l and for the neutron electric
dipole moment, Dn1'¥). It is also easy to construct versiona of this model that give a
large electric dipole moment for electron, D.. All these combine with the most recent
bound on the charged Higgs boson mass from collider experiments to give a very tight
constraint on the charged Higgs models of CP violation.

CP violation mediated by flavor conserving neutral Higgs bosons had been more
or less ignored for a long time. The interest was renewed lately due to the recent
experimental and theoretical progress which we shall review later. There are also
many modern versions of the neutral Higgs CP violating models with basically the

same backbone mechanism it 13

In 1976, Mohapatra and Patil'® proposed to extend the gauge sector of the stan-
dard model to incorporate CP violation. They added the right handed gauge inter-
actions to the left handed one in the standard model. The simplest version made use
of the gauge group SU(3)c x SU(2) x SU(2}r x U(1)p-¢. It made parity invariance
possible at high energy(!. The new gauge interaction implies a right-handed charged
current which can be CP violating. This type of CP violating mechanism is milliweak
in character. Therefore it is nontrivial to reproduce the superweak phenomenology
which is so far consistent with experiments. If the mixing between the left-handed
and right-handed currents can be ignored, then it can be shown that there are two CP

violating phases in the theory if there are only two generations of fermions. In which
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case, it was shown that the theory has & so called “iso-conjugate” relation which
guarantees that the superweak result in the kaon system is reproduced!'® ', Unfor-
tunately this is no longer the case when there are more than two generations because
the existence of other phases in the theory. In general, in the N generation case there
are N7 = N +1 CP violating phasesit® 2. 7. 7 jncluding the K-M phases. It was later
shown that, among these phases, the complex coupling, 7.r associated with the mix-
ing between the left-handed and the right-handed charged currents can also give rise
to very interesting CP phenomenology. This mixing is nonzero in most of the models.
In fact, if one suppresses the K-M phases by implementing spontaneous CP violation,
the phase of n s becomes the leading coutribution to the CP phenomenology!'® of
the theory. This source of CP violation also has the character that it does not rely
on generational mixing. Therefore, for the flavor neutral processes like D, or Dy, the
heavy generation alone can give a contribution.

Many more CP violating mechanisms and associated models have been proposed
in the literature since these early attempts. Among them the most interesting ones
are the supersymmetric modelsi® 3435 2637, [p these models, there is typically more
than one mechanism of CP violation. Generically, the CP violating sources are com-
binations of squark mixings and majorana masses of neutralinos. We shall illustrate

some of these mechanisms in detail later.

Other interesting models include a host of superweak models!®. They either
contain flavor changing neutral gauge bosons, originating from some horizontal gauge
symmetry, or flavor changing neutral Higgs bosons. For the gauge boson case, the
intrinsic mechanism is not too different from the gauge boson mixing mechanism in
the left-right models. For the neutral Higgs case, the mechanism is also similar to the
scalar-pseudoscalar mixings in the neutral Higgs models of CP violation.

There is another class of models with mirror fermions or vectorial fermion pairs(®™.
The simplest example of the latter class is given in the next section. In many grand
unified models mirror fermions are needed for anomaly cancellation. In Eq type grand
unified models additional vectorial quarks and leptons are automatically included in
the 27 dimensional representation. The mirror fermions give rise to right-handed
interactions for the quarks and leptons and, as a result, ita mechanism of CP violation
is a lot like the left-right models.



There are also models with lepto-quark scalars® which are similar to the charged
Higgs mixing mechanism with exotic Yukawa couplings. Still another interesting class
are the models with the technicolot®V. It is not easy to discuss such models because
CP violation is closely tied with the flavor changing interaction which is the most
uncertain and model dependent sector of technicolor models. For this reason not
much work has been done in this direction. In any case, the simpler models of such

type seem to be facing serious experimental challenge at the moment!®3.

1 shall divide the content of this review into two parts. The first part reviews the
general concept of CP violation in gauge theory and many of the most popular gauge
models of CP viclation. More emphasis is put on the qualitative and conceptual
aspects of CP violating mechanisms. In part II, 1 will review the most recent devel-
opments in CP violation. Due to space and time limitations, I shall confine myself
to the subject of flavor neutral CP violation. Specifically, I shall deal with quantities
like the electric dipole moment{EDM) of the neutron, Dy, the EDM of quarks, D,
the chromo-EDM of quarke, D§, the chromo-EDM of gluons, D&, the EDM of the
electron, D,, and the EDM of the W boson, Di.

Part I. Mechanisms of CP Violation in Gauge
Theory

A. Sources of CP violation in field theory

The sources of CP violation in field theory can be classified into the following cate-
gories:
(1) Explicit breaking

As a result of the CPT theorem in field theory, CP violation necessarily implies T
{time reversal) violation. Under the antiunitary transformation of time reversal, every
field transforms into its complex conjugate, i.e. ¥ — (6,;.)11)1 where §, is a phase factor
to be determined by the Lagrangian, Therefore the nonhermitian operators in the
Lagrangian transform like O — (phasc)OT. Since the general form of the Lagrangian
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the T-, or CP-viclation will be reflected in the complex coupling constants in the
Lagrangian. However not all complex coupling constants translate into genuine CP
violation. The subtlety lies in the phase freedoms, &y, that the theory has at its
disposal. For a complex field, the free Lagrangian is invariant under the redefinition
of its complex phase. We are {ree Lo redefine its phase without changing its identity.
Therefore many of the complex coupling constants can be easily absorbed into these
redefinitions. CP is broken only if one can not redefine the complex ficlds in the
theory such that all the C; are real. For a massless fermion, we have an even larger
U(1)r x U(1)g chiral symmetry for this purpose. For light fermions it is often useful
to treat the mass as a perturbation and treat it on the same footing with all the other
coupling constants. In that sense, it is not very important to use the mass eigenstates
to do the analysis. One may as well use the basis in which the couplings are simplest
to visualize. For the CP analysis, it can be useful even to do the same thing for heavy
fermions just to make the qualitative properties more transparent. '

Note that every redefinition one does affects all the terms in the Lagrangian which
involve the redefined fields. The complexity of the couplings can easily be shifted
from one term to another through these redefinitions. Therefore to make sure CP is
broken, one has to check the reality of many coupling constants {(including masses)
in £ simultanecusly. Sometimes this freedom to shift the phases can be used to
simplify the analysis of CP violating phenomenology by placing the complex phases
strategically. As an example, the simplest CP violating toy Lagrangian one can write
down involves a vectorial fermion, ¥1,%¥s, and a real scalar field ¢. The relevant
terms in £ are

myL¥A + aPr¥ad + h. c. (2}

Such CP violation can be easily constructed for the extra down-type quarks or leptons
in an Ey-type unification models or any model with mirror fermions. The two coupling
constants, m and a, can not be made real simultaneously. Complexity can be assigned

to either a or m when analyzing the CP phenomenology. Usually it is helpful to make
the smaller parameter complex for obvious reasons.



One usually classifies the explicit breaking of symmetry into hard and soft breaking
depending on whether the symmetry breaking terms are of dimension four or smaller.
In field theory, to have a coupling constant to absorb every divergence in the theory,
one likes to include all the possible interactions consistent with the required symmetry
up lo a certain dimensiond < 4. The soft breaking has the advantage that there are
less parameters in the theory and the induced dimension 4 breaking terms will be
finite and calculable. For example, the simple Lagrangian in Eqn.( 2) should be
considered soft breaking because if one set the mass term to zero then CP is a good
symmetry. An example of the hard CP breaking is represented by the standard
(Kobayashi-Maskawa) model of CP violation in which CP is broken explicitly in the

dimension four Yukawa couplings already even before the gauge symmetry breaking.

(IT) Spontaneous breaking

Even if the Lagrangian one starts out with is CP conserving, one can still break CP
through spontaneous symmetry breaking. In a theory in which the vacuum expecta-
tion values(VEV’s) are complex either because the Higgs bosons involved are complex
or the condensates are complex, it can be written as {H?) = v,e®. The complex phase
is a signal of CP violation. However for consistency one has to make sure that the
ground state of the Higgs potential, V{H;), allows nontrivial ;. In addition, one has
to check to see if the phase can not be rotated away by using the symmetry in the
theory. For example, the single complex Higgs doublet in the standard model can not
be used to implement spontaneously CP violation because the phase can be rotated
away by the global hypercharge symmetry. Another example is the Weinberg model
of CP violation with natural flavor conservation that will be discussed in more detail
later. In that model due to the discrete symmetry one imposed on the theory to
eliminate the flavor changing neutral currents, spontaneous CP violation can not be
implemented even with two Higgs doublets. The symmetry allows only one nonher-
mitian term in the Higgs potential. As result the ground state of the potential does
not allow noatrivial phases for VEV’s.

All the symmetry breaking terms generated after the symmetry is broken will be
proportional to the VEV. Since Lthe vacuum expectation value has the dimension of
mass, the symmetry breaking can be considered to be of the soft breaking type. In

a spontaneous breaking theory, one usually imposes CP symmetry on the starting
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Lagrangian. As a result, it reduces the number of independent complex phases in the
theory and thereby organizes the CP phenomenology of the theory and increase its
predicting power. One should note that there is usually more than one way to impose
CP symmetry in the theory. The arbitrariness is related to the phase redefinition
freedom we mentioned before. The simplest way is to fix a particular phase convention

and then assume that all the coupling constants in this basis are real.

(II1) Noaperturbative CP violation.
As a result of the existence of the instanton solution, the gauge invariant 0F’:"I:":,
term has important physical effects even though it can be written as a total derivative.
It is a P- and T-viclating interaction. The effect of this term will be covered in detail
in K. Choi’s talk here. A very interesting aspect of it is that even though this term
can be written as a total derivative, it can be induced through the renormalization
group evolution™. I shall not elaborate further on this term.

B. Left-handed Current Mechanism

In this model the CP violation can be placed in the left handed current interac-

tion. The simplest of which is the three generational standard model. The relevant
interactions before symmetry breaking are

—Lw = —}2-0;;7" iwl 4 ke
—Ly = h;QLULS + £,;,Q.Di0 + k. e (3)
where Q. and @ are quark and Higgs doublets,

v ¢+
-(2)+-(2)

(5}
and ¢ = i7;%*. The complex Yukawa couplings, A;;, f;, are the origin of CP violation.
h and f can be the most general N by N complex matrices for the N generation model.
However, sot all complex parameters in A and f correspond to physical CP violation.
We can use the large amount of freedom in the redefinition of the phases of the
complex fields U; and D; to absorb a lot of them.
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After the symmetry breaking (¢°) = J;, and the quark masses are (MJ)is = his
and (Ma)i; = fi sz These mass matrices can be diagonalized by the bi-unitary
transformations: (M) = Vit DLV, (Ma)s = VAT DV, The matrices Vg and V§
drop out from the Lagrangian because there is no right-handed current in the theory.
Ouly one combination, K = ng,ft, remains in the Lagrangian. Therefore, in the
end, besides the mass terms we have only the left-handed charged current interactions

—Lw = —%k.-,-a‘,_—,»diwj +h e (6)
where u* and d' are mass eigenstates of quarks. The unitary matrix K in general has
b'_(%-_‘.l angular parameters and M"—}‘—'H phase parameters. However besides the term
in Lw, the Lagrangian is still invariant under the redefinition of the phases of uf,
and d. We can use the quark phases to remove 2V — 1 phases from K( -1 because
among the 2N redefinitions one of them does not affect L at all). Therefore in an
N generation model, there are Mi(i'—'! CP viclating phases. For three generations,
there is exactly one phase. From now on we shall restrict ourselves to this case. The

resulting matrix with one complex phase is called CKM matrix, K.

Without CP violation, the general form of K can be written as a product of three
two dimensional rotations. Call B(8,) the rotation in j— k plane where (ijk) are some
¢cyclic permutations of (123). The general CP conserving (orthogonal) X matrix can
be written as K = R(0,)R(0;)R(6:) where i,j,k € {1,2,3} with i # j and j # k.
All the known parametrizations of the CKM matrix can be written in this form with
proper diagonal unitary matrices sandwiched between different R's. For example the
original parametrization by Kobayashi and Maskawal"l can be written as

=] 10 133
Veokm = | =516 616263 — 3393 %M ¢¢a3y + syc3e M

—8183  €13263 + €333 KM Cia385 — CreaettXM

10 0 e s 0y /1 0 0 1 0 0
= D e —33 - € 0 01 0 0 Cy 3
0 g [+] 0 0 1 00 '—C‘-‘K” 0 —33 G
= Ry Ry Pxm-Bs (7

where ¢; = cosd;, 3; = sinf; and §x s is the CP-violating phase.
8

From this parametrization, one can show that CP violation disappears if any of
the ¢; or s; = 0. For s, or 33 = 0, the diagonal phase matrix, Pxy can be moved to
the rightmost or the leftmost position. The CP violating phase can then be absorbed
into the redefinition of the phases of the quarks. For ¢; or ¢y = 0, the relation

i 0 0 1 0 0 i 0 0 1 0 0
01 0 0 0 1]=10 0 1 0 —e¥xu (8)
0 0 —citnnm 0 -1 0 0 -1 0 0 0 1

implies again that the phase matrix can be removed. For s; = 0 all three R matrices
reduce to 2 by 2 matrices which we know has no genuine CP viclating phase, In fact
the most general 2 by 2 unitary matrix can be written as

(1 0 ) ( cosd sind\ (e Q
0 %)\ —sind cosl ¢ eh ®)
Clearly the phases §; are not physical. For ¢; = 0,

Ry Ry Pgp - R

(=1 0 & 1 ] 6 fl Lt H]
=m| 0 1 0 0 —exm 0 R3]0 —eibum 0
~3;3 0 e/ \0 0 1 \ 0 0 —etina
—e~¥xm 0 <2 0 s ( 1 0 0
= 0 1 0| Ry 0 1 0]R|0 —ebnm 0 (10)
0 01 -5 0 o \0 0 —cifrn

Therefore we expect the the CP violating effect to be proportional to C1¢2C381 829y
‘Jinsxu.

The same argument can be easily applied to any other parametrization of CKM
matrix because they are all of the form of R(:)R(;)R(k) with a phase matrix eand-

wiched between the R's. For example, the parametrization used in the recent particle
data books can be written as

Vexkmw = | Vg Vu Va
Vu Vto v;i



—ib
€12613 913€13 3

= | —size3 = clzomsae®  czcas - sizsnse?  man | = (11)
$13800 CuC'nSlaB"‘ —=C12813 — -’nfiza-’n*!'.'i €23C13
(12)
1 0 0 1 0 0 ¢y 0 353 ¢z 12 O 1 0 0
0 €3 I3 o1 0 1] i 0 —~a13 ¢2 O 01 0
0 —s13 €3/ \0 0 €4/ \=s3 0 e 0 0 1 0 0 e

(13)
where 3,2 = sinfy3, etc. One can also adopt the convention where all three mixing
angles lie in the first quadrant and the phase is restricted to the interval 0 < § < .
This parametrization was firat proposed by Chau and Keungl¥. It has the advantage
that the CP violating phase is automatically multiplied by the smaller mixing angle.
Experimentally, 3,3 was found to be very small. In addition, the upper triangle of
the CKM matrix is better measured experimentally. In this parametrization, these
measurements can be translated into limits on angles more directly, For example, the
experimental limit on Vs implies c13 = 1 + 0(10-). This in turn implies that the
well measured V,, and V,; determine the angles 81 and 312 directly. Since all the s;;’s
are small, the CKM matrix can be approximated by

1 812 3138-“

Vexm | -2 1 1
Ve Ve 1
1-% A AX(p—in)
T
) —2 A (19
A1 —p—in) —AX 1

This simplified (Wolfenstein) parametrization is extremely useful for doing phe-

nomenological analysis even though it violates unitarity slightly.

I any of the two up-type quarks have the same mass then one of the R(9) matrices
can be reduced to one of the trivial forms corresponding to ¢ = 0 or 3 = 0, and
CP violation disappears. The same thing also happens when any two of the down-
type quarks have the same mass. As & result we also expect CP violation to be
proportional to U = (m} — mi}(m] — m{)(m; — m?} ~ mim? and D = (m} -
mi)(m? — m3)(m? — m3) 2 m{m}. Therefore any CP violating amplitude has to be
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Figure 1: A typical (a)two loop or (b) three loop contribution to the electric dipole
moment of the W in the K-M model.

proportional U-D-J where J is either cyc;¢333 3253 5in8)ps in the K-M parametrization,
OF C13€13C3 31251382356 for the parametrization in Eqn{ 41). The square on s, or ¢}
is included such that J can be written in the parametrization-independent form of
(up to a sign)

J = £Im(V; VaVaV;) (15)

Absolute value of J is < 10~*sin8. Together with {/ and D, they can be written in a

compact form as

|UDJ | = | Im(det[MuM], M.M1)) | (16)

This analysis can be very useful in making phenomenoclogical analysis. For ex-
ample, one can use it to estimate the megnitude of electric dipole moment(EDM),
Dw, of the W gauge boson in the K-M model®®). This operator will be discussed in
more detail in Part 1l when we talk about recent developments. It is easy to convinee
oneself that there is no contribution at the one loop level. To get CP violalion in this
model, one has to get all three generations of fermions involved in the process. Since
there ate no fermions in the external lines, the fermions can get involved only in the
loop. At one loop level, there are clearly not enough fermion lines to do that. It will
take at least a two loop process to contribute to Dw. A typical two loop diagram

is given in Fig. 1(a). Assuming that the two loop contribution is nonzero, cne can
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estimate Dy Lo be

b ] L Y- .
giyty & mmymm, _as
10w | < (5) (gaz) 1V | = S 107 e —em, ()

for m, ~ Mw. Experimentally, |J] < 10-1. Ia fact it is completely possible that the
two loop diagrams may sum up to zero. (One is reminded that Shabalin®? proved
that the EDM of quarks in the K-M model is zero at the 2 loop level after many
others had made ponzero estimates). In that case one will have to go to the three
loop level as in Fig. 1(b}. We shall not botber to investigate that because at the two
loop level the numerical prediction of Dw is already smaller than many other models

of CP violation by at least 16 orders of magnitude.

Another example can be found in a recent calculation by Hoogeveenl® of the
EDM of the electron in the K-M model. He claimed to obtain a nonzero result after a
tedious three loop caleulation. It is not surprising that it takes at least three loops to
get a nonzero result since the contribution is induced through an effective vertex which
represents the electric dipole moment of the W. The numerical result is summarized

D, =-1Tx 10—"(1—6030‘—‘-‘7 z(li‘)c—cm. (18)

which is indeed very small as expected.

The phenomenology of this “standard” model of CP violation is reviewed in detail
in C.S. Kim's talks in this Symposium. Ishall not repeat them here. Let me emphasize
the lesson one should learn from the above analysis. The K-M modelis a milliweak
type model of CP violation. However it behaves like a superweak model because of
the UDJ factors discussed earlier combined with the suppression factor due to the
unitarity constraint of the quark mixing matrix. This is the magic of the K-M model.
On the other band, one ¢an also argue that since all the experimental data indicate
that the origin of the CP violation is likely to be of the superweak type, one would
like to have a model of CP violation which is “naturally” superweak. The fact that
superweak predictions in K-M model are achieved only because the above “factora”

are accidentally small may be considered as an unsatisfactory feature.
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C. Higgs Exchange Mechanism

Here we shall use the Weinberg-Branco!® ' model of spontaneous CP violation as
the example for illustration. This model contains both the neutral and charged Higgs
exchange mechanisms and is constrained most severely by the experiments. The
model assumes that there is no tree level flavor changing neutral current and CP is

broken only spontaneously. To have spontaneous CP violation, at least two Higgs

doublets, ®;, are needed with
¢!
P, = ( ¢° ) (19)

To eliminate the flavor changing couplings of neutral Higgs bosons, one imposes a
discrete symmetry D

Qz - —Qg
D:
{ Un — Un (20)

80 that @, couples only to Up while &, couples only to Dp.
~ Ly = h;;QLUAD + f,QL D% + b . (21)

Note that a suficient condition for elimination of Alaver changing neutral currents is
that each flavor of fermions obtains its mass from ounly one source or from the VEV
of only one Higgs field"). With this discrete symmetry, the Higgs potential has only
one nonhermitian term, c(QI ®,)%. The VEV's of the ®,'s, (¢?) = A; = vie™”, are
in general complex. One can use the U(l)y symmetry to redefine one of the §, say
8;, to be zero. The coupling ¢ can be made real by redefining ®; and Dg. Therefore
the vacuum expectation value of the Higgs potential becomes A + cBcos8; where A,
B are functions of v;. Clearly the ground state corresponds to # = nx which are CP
invariant vacua. As a result, when the Higgs potential is minimized the ground state
is automatically CP invariant. (Note that this is true of any Higgs potential with
only one nonhermitian term). This implies we need at least three doublets to get
spontaneous CP violation.

Another consequence of imposing CP symmetry before gauge symmetry bresking
is that the Yukawa couplings will become real and the left-handed current will contain

13



no CP violation at the tree level no matter how many generations of fermions we have.
That is, there is no K-M mechanism in the model. As a result one hasy to explain the
CP violation in kaon decay solely by the Higgs exchange mechanism. This allows a
cleaner test of the theory and can be considered a nice feature of the spontaneous CP

breaking model.

For the minimal case of using three doublets, one has two physical charged Higgs
and 5 physical neutral (real) Higgs. Because of the disappearance of the flavor chang-
ing neutral current, the neutral Higgs sector can contribute to the CP violating € only
at the two loop level. Therefore, charged Higgs sector will be solely responsible for
explaining ¢. As a result the charged Higgs can not be too heavy. For this reason we
shall discuss the charged Higgs sector first. After diagonalizing the mass matrices,
the Yukawa iateractions of the charged Higgs become

1 ; 1, ; '
—Ly = —-‘;d'L[O‘D..].,u'}qé;' + —1EL[O‘D¢];,~d’R¢," +hc (22)

where ¢ = ¢:.e™*, and O¢ is the usual CKM matrix with the KM phase § = 0.
D., D4 are diagonal quark mass matrices. The Higgs sell interactions give rise to a
very complicated mass matrix for charged Higgs bosons. However it can be shown
that the unitary matrix, Uy, that relates weak eigenstates ¢'s to mass eigenstates
H;'s

(3, HY BT = Uk(8 61,607 (23)
can be written in the same expression as the CKM matrix in Eqn.( 22). This is
because the content of the Goldstone boton G* = HY is determined by symmetry
breaking completely as

1
G* = H((#) #f +{e3) 61 +(43) #3)
1 ' , ;
= 'V‘(Uﬂﬁf +vady +vad]’)
= si6ad) + s18:d3 + a1 (24)

where V? = v} + v + 03 = (2v2GFr)™! and 39, s are sines and cosines of the
appropriate Higgs mixing angles. This equation also defines s, and sy through ¢; =
and {3 = 3. Therefore in the charged Higgs sector there is only one CP violating
phase.
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Figure 2: Diagrams representing neutral or charged Higgs exchange with CP violating
mixing.

The CP violating effects are contained in the Higgs boson exchange interactions.
The quark coupling (and the probably lepton coupling too) to the Higgs is most
simply expressed in the weak eigenstates ¢; as in Eqn( 21). Therefore the effect of
the charged Higgs exchange can be expressed in terms of the imaginary part of

- (¢1 ) URTux 1
An = g 201": lq.‘ — M’
- -\.{’_-Ef_g.ﬂ_ = 2\/-GFE : . (25)

- -

i1}

For neutral Higgs models, They can be parametrized as

A= 3 (¢°¢°) R ‘/-G’ Z7

- e N .
: 0.0 v2GrZy
Ai; = A.\ (243 = -3 f;ﬂ

Eqn( 25, 27) can be represented by the diagrams in Fig. 2. The sums above do not

include the contributions from the neutral Goldstone boson as it will not participate

in the CP violating amplitudes. Such exemption makes these definitions independent

of the gauge parameter ¢ in the R, gauge. Moet of the time in Lhis article, it is
15



assumed that the effect of the lightest Higgs dominates the sum and therefore we
ignore the index n of the Z. By defipition, A;; is hermitian and Aj; is symmetric.
Note that the same formula can be used for an arbitrary number of Higgs bosons.

For the two doublet case there are 4 CP violating parameters in Eqn{ 27). How-

ever, not all of them are independent. In the unitary gauge,

Im(Y (da)" é) = 0. (27)
By requiring
i (00" 008" 4+ (49 &) -0 (28)
for each j, one is lead to the unitarity gauge condition
N
ImA; = Z |-A-‘\—,‘|I (Irn A,‘j, —Im ;l.'j;) . (29)
Kpi

This equation is gauge independent. In particular, for N Higgs boson doublets we
have Im Ay = ~| |2 s PM(Im Ay + T Aw).

For N = 2, it implies that there are only two independent CP viclating parameters
for this case. In Ref.[12] Weinberg used this equation to derive an upper bound on the
CP violating parameter Im Z,. For multi-Higgs doublets models, there are more than
two CP violating mixings. For the charged Higgs sector, the CP violating parameters

are a, which satisfy the unitarity constraint 3_, aa = 0.

Before we get into the thick of phenomenological azalysis, I like to re-emphasize
a basic feature of the Higgs models of CP violation. In order to get CP violation
from the exchange of a Higgs boson, it is necessary for the fermions that couple to
the Higgs boson in the diagram to be massive. For the neutral Higgs case, it can
be seen in the simple Lagrangian in Eqn. 2. There, if the fermion is massless, the
CP violation disappears. This is because of the enhanced chiral symmetries of the
free Lagrangian when the fermion is massless. These symmetry can be used to find
a CP symmetry for the interaction when was not possible if there is an extra mass
term. The phenomenological consequence of this is that the diagrams that induce
CP violating quantities, like the chromo-electric dipole moment of gluon that we will
discuss in Part II, will have to have fermion mass insertion in the diagram in order to

become CP violating. For small fermion mass, we can conclude without calculation
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that the result will be proportional to at least one power of efrmion mass. This rule
has to be used carefully though. For example, if one is calculating the induced electric
dipole moment of a fermion f, one does not necessarily expect to have my for the
reason that we will discussed in detail in Example 1 in Section L.E. For the charged
Higgs case, one can see this in the Lagrangian

mydidir + madastan + aieardt + Bhvaret + A c. (30)

where 4, and y; differ in their charges by one unit. Three out of the four parameters
in the Lagrangian can be made real by proper redefinition of phases. That mean if
any of the parameters is zero, there will be no CP violation.

From now on we shall concentrate on the charged Higgs sector in this seclion.
This is the sector that has been developed more extensively. We will get back to the

neutral Higgs sector when we review recent developments.

The phenomenology of the model was recently reviewed by Chengl'*l. We shall
simply summarize the result pedagogically here. The main constraint on the model
comes of course from the only CP violation we have cbserved in nature, the ¢ param-
eter. The CP violation in kaon decay to two pions can be parametrized with ¢ and
¢. ¢ can be defined as

1

= infd
¢ ‘/E(P"”h)‘
_ ImM, _
£ = 2R£Mu - Am
- ImA,
T = Rea, (31)

where M;; is the neutral kaon mass matrix in the basis of K — K A is the isospin-
zero amplitude of X' — 2x. This formula is true in the phase convention in which the
isospin-two amplitude, A;, is real. This can always be done because we are free to
redefine the strange quark field by a phase. However, when one deals with a specific
theory the convention may have already been specified by Lagrangian. Therefore one
should be careful to make sure one uses a consistent basis. [t is possible to write ¢ in
& basis independent!'™ * form but we shall not get into that here.

In this model ImM;; may have both short and long distance coniributions. The
short distance contributions are due to the box diagrams with one or two charged
17
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Figure 4: Long distance dispersive contribution to K ~ K mixing,

Higgs exchanged as shown in Fig. 3. The long distance dispersive contribution can
arise from the x,n and n' poles between kaon and » as shown in Fig. 4. It was
argued® that for this model to be viable, the long distance contribution should
be larger than the short distance contribution. This is indeed confirmed by many
estimates(!® *d To calculate the dispersive contributions one needs the operator for
the As = 1 CP violating transition. This is done by calculating the so-called Higgs
Penguin diagram in Fig. 5.1% 44 The internal loop is dominated by the charm quark
contribution. The remaining matrix elements are calculated by chiral perturbation
theory. One notes that ,7" provide contributions as important as ». The result can
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Figure 5: Higgs penguin diagram contribuling to the As = 1 process in the charged
Higgs models. '

be translated into the constraint

Im(ay) f, m} 3 -

™I (In—"—é- - 3 ) = (024 ~ .027)Gev ? (32)
where @, is defined in Eqn( 25) and My is the mass of the lightest Higgs, H,. We
have also used the experimental value for |¢| = 2.27 x 103 and the fact that o has
to be much smaller than p so that ¢ is not too large. With the CERN collider LEP
data pushing the mass of the charged Higgs to be > 45GeV, Im{a,) has to be larger
than 9.2 which is not very natural for a quantity which normally expected to be of
order one. From Eqn( 25}, a, = UL UX (V2 [vyvy).

The model does tend to give a large value for ¢ which is defined to be

'3 1

= (3w) )
To derive the consequence of the experimental upper bound, one needs to calculate o.
The main contribution also arises from the Higgs peaguin diagramsi* 43, However
in this case we need the matrix element between K° and 2x. The first estimateltV
of this ratio gave 1/22, and as a result the model was considered ruled out for s
while. Later it was pointed out!*¥ that the value for this matrix element is very
uncertain because in the chiral perturbation theory the leading contributions to this
matrix element cancelled. Therefote it is difficult to evaluate the matrix element
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Figure 6: Oue loop Feynman diagrams contributing to the electric dipole moment of

the quark in the charged Higgs models.

with good confidence in chiral perturbation theory. The most recent estimatel'3
gives ’;'- 2 —0.007 which may be still too large if the limit by the E731 experiment!*
holds up. Given the uncertainty in this calculation, one should still investigate other

types of phenomenology in this model.

Many mechanisms for the neutron electric dipole moment, Dy, in this model
were considered in the literature. The simplest one is due to the electric dipole
moment of quarks, D,. The nonrelativistic quark model gives the relation Dy =
(4/3)D4 = (1/3)D.. In the one loop contribution in Fig. 6 CP violation requires
the two Yukawa vertices to be correlated in such a way that at least one Yukawa
coupling will be proportional to the external mass. This is because the two quarks
at the Yukawa vertex, Eqn( 22), have to have diflerent helicity and the coupling is
proportional to the mass of the quark with right-handed helicity. To get CP violation,
one needs to flip helicity one more time in the internal line so that the product of
the couplings will be complex. This implies that only the mass part of the numerator
of the internal propagator contributes. This is typically called & *mass insertion” iv
the literature. For internal quarks lighter than the Higgs, one can easily estimate the
diagram to be

D, = Q,(2v/3G rlmay) (%) *my 3 K2, f(2L) (34)
4 My
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Figure 7: Feynman diagrams contribuling to the electric dipole moment of the quark
in the neutral Higgs models.

where K,y is the CKM quark mixing matrix; f(z) is of order one if my is of order My
and f(z) = ¢ zlnz if z is very small. This is because after the required internal mass
insertion the loop integration has logarithmic divergence when the internal quark
mass is very small. The constant ¢ is evaluated in the explicit loop caleulation to be
-1/2. Therefore, Dy = (4/3)Dy = ~9 x 10~™e — cm which is on the verge of being
ruled out by the experimenta.

One may wonder why there is no external quark mass dependence in this formula,
since, as we just learned, there should be no CP violation in the diagram if the quark
mass is zero. The answer is that for massless quark, the electric dipole moment in
fact is not a CP violating quantity. This will be explained in more detail in Example
1 of Seclion LE.

The neutral Higgs sector can also give rise to large Dy. In this case we can
not make definite prediction because the sector is not constrained by the observed
CP violation: ¢. One can always make My» larger to suppress its eflect. This is
because typically it takes at least a two loop process for the neutral Higgs to change
strangeneas by two units. Its contribution to ¢ is negligible. The one loop contribution
to D, is given in Fig. 7. Since the light neutral Higgs has to be flavor conserving,
the diagram automatically requires three powers of light quark masses. Therefore it
is very small. However, Anselm et.alll have pointed out another way the neutral
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Higgs can contribute. At one loop level, the Higgs can couple to gluon through the
heavy quark loop. The coupling can be either scalar or pseudoscalar. These one
loop verticea combine with CP violating neutral Higgs exchange give rise to new
contributions to Dy. Weinberg!® pointed out that this mechanism can be interpreted
as the result of an induced dimension 8 purely gluonic operator at the two loop level
which can be represented by Fig. 21(a). A recent estimatel'¥ of this eflect gives
Dy =~ 2x 10~ (100GeV/My )*. This can be quite close to the experimental limit if
the neutral Higgs is 100GeV or lighter. We will have more to say about this dimension

8 operator in Part IL.

D. Right-Handed Current Mechanism

The simplest gauge group for this case is the G(LR) = SU(2) x SU(2)r x SU(3)c x
U(1)p-_r. The standard Higgs multiplet used to break symmetry includes

¢ ¢1+)
o = :(2,2,1,0);
(5 %) e
Ay :(3,1,1,;2)
AR : (llsi l¢l2) (35)

where the numbers in the bracket indicate the representation of the multiplet under
the group G(LR). A’s are needed because @ alone can break G(LR) only down to
U(l)z+r x U(1)a-1- In the literature, sometimes multiplets:

xe :(2,1,151)
XR :(1I2|1c;1) (36)

were used instead of A's. The advantage of using A's is that their couplings to the
neutrinos are such that, when they develop nonzero V.E.V.'s, (AL_‘R)) gives rise to
majorana mass for vy(g). Since {Ag) breaks SU(2)g x U(1)p.L symmetry down lo
U(1)em it is usually assumed to be much larger than {®}. Therefore one is naturally
lead to large majorana mass for the right-handed neutrinos. This together with the
Dirac masses of the order of the charged lepton masses leads to one very light neutrino
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mass eigenstate per generation through the so called See-Saw mechanismi'4, We shall
not get into more details in that direction. However we are going to use A's in our

subsequent discussion even though in most cases it is not important for our purposes.

The fermions in the theory are in the representations

q’b : (21 Lig 1)

¥r :(1,2,1;1) (30
for leptons and
Qe :(2,1,3;1)
Qa :(1,2,351) (38)

for quarks.

The charged current (gauge) interaction can be written as

gL i ] 9r _; ]
Lo = _‘/_iu,,-,,,d-,,wm + -\/——%u"-y,,d‘nwﬂ"* +h e (39)
and the Yukawa coupling interaction as
Ly = f.‘,‘@'.’j}p‘l’jn + h.‘,“i’.-;'&"y,‘a + h. ¢ (40)
where & is defined to be
_ 0o _ gt
P = rd'n= ( %__ ':3 1 (2,2,1,;0). (41)
"¢1 ¢|

The neutral components in & are arranged such that symmetry is broken down
to U(1)em with charged @ defined by @ = Tyt + Tan + (B - L)/2 where Ty, in the
third component of SU{2)r(r). The most general vacuum expectation values for ¢ is

<®>= (“w °
N0 Ke)T “2)
This VEV breaks SU{2). and gives mass to Wi. One can use the global U(1),_g

symmetry to rotate one of the phases to zero. We shall pick the phase o’ to be zero.

Wh gets a much larger mass from {Agr) = Va. The mass matrix of the gauge bosons
can be written as

WA .
(w¢ WE)( g} bCgt —gLgRaK'e™ ) (WE ) (43
—grgrrne—n  gh(ELE 4 vy f \wy )
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where we have assumed that (A7) = V7 is negligibly small. We shall refer the reader
to the literature regarding the subtle point of how to do this natucally'8, It will not

be important for our purposes.

The mass eigenstates of the gauge bosons can be defined as

W= costW! +esinfW§
Wi = —c*ain W/ + cos EWR (44)

where tan2¢ = 2g.xn’fgrVE for Va > &, «’. Note that the pbase 7 in the left-
right mixing is a genuine CP violating parameter. If one tries to absorb it into the
redefinition of complex W} field, one finds that the phase will appear in front of
the gg in the charged current interaction. Therefore this is a genuine relative phase

between the left-handed and the right-handed currents.

For the N generation case, the charged currents can be written as

Lc = %ﬁbi7ﬂ(RL)ijdLiW£+ + %ﬁm%(ffn)udnjwﬁ" +hoe (4%)
where Ky = VEm(Vim)! with Viigy, Viia) defined in Section 1.B. One can now do
similar redefinition as in Section I.B. to remove phases from K. However once all the
phase freedoms are used up in removing phases from K1, Ex will remain the most
general U(N} matrix. The U(1) piece of the U{N) can be identified as the phase of
the left-right mixing £. Therefore the number of CP violating phases in the theory is
(N ~1){(N —2)/2+N(N +1)/2=N?~ N + 1. For N =1 we have exactly one CP
violating phase which is the phase of left-right mixing.

One can try to eliminate some of these independent complex phases by impos-
ing more symmetry on the Lagrangian. There are two popular symmetries in the

literature for this purpose, one of them is the parity, conventionally defined as

LR:{ WL = Wg,  dip + i (46)

Ay = Br @ = ol
and the other one is the CP symmetry. If one imposes LR symmetry, the coupling
matrices fi;, h;; in Eqn{ 40) will become hermitian. However that does not mean
that the matrices will be hermitian because the VEV's are complex. CP symmetry
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will imply that these matrices are real. A very inleresting scenario is that when
both LR and CP are imposed, the only origin of CP violation is in the VEV's, If
one uses only one doublet this phase has to be the relative phase in Eqn{ 42). In
that case all the CP violating phases in Ky (g, should be calculable in terms of quark
masses, mixing angles and the vacuum phase . In fact in such models, the left-right
mixing phase is the only phase in Ky g) that is not suppressed by additional masa
ratios. In fact, it is surprising that one naturally obtains amall ¢'/e under such very
simple assumptions. This approach was started in Ref.[19] and was extended in many
later works!?® 313 14 this type of model and any other models in which the Jeft-
right mixing is nonzero, the CP violating phase in the left-right mixing plays a very
important role. Even though experimentally this mixing is constrained to be quite
small (< 0.0055) already*¥ Note the the left-right mixing is automatically small
in the model because it is suppressed by the right-handed scale as can be seen in
Eqn( 44).

There are of course other models which simply assume that left-right mixing is
negligible. Due to limitations in space and time we shall not go into them further.
Instead, we shall concentrate on the effect of CP violation due to left- right mixing. In
that case, to simplify the discussion, one can assume that the quark mixing angles are
negligible because they are not relevant to obtaining CP violation. Therefore we can
even discuss one generation at a time. Before we get into the mess of it, let’s first make
sure that we understand our source of CP violation again. It is a good exercise to
check that among the complex couplings: grurY.diWi*, griint, drWaY, (WL W
and masses m G ug, medrdg there is only one complex phase one can not remove
by redefinition. Therefore, if any one of them is zero, the CP violation will disappear
to this approximation. That means all the CP violating quantities originating from
this mechanism bave to be proportional to grgrérm.my. (This argument has to be
modified in some cases as typified by Example 1 to be discussed in the Section E)

Unfortunately, we can not really set all the other CP violating phases to zero. This
is because the left-right mixing phase alone can not explain the ¢ parameter of kaon
system. This is the consequence of a peculiar fact. According to Eqn( 31}, in order
to calculate ¢ we bave to calculate the real and imaginary parts of As = 2 kaon mass
matrix element, M);. Both are due to the so-called left-right box diagrams in Fig. 8.
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Figure 8: Feynman diagrams contributing to Arm¥ and ¢, the left-right box diagrams.

Beall, Bander and Sonil*® discovered that, besides being suppressed by the right-
handed scale, the contributions of these diagrams have a factor of 430 enhancement
compared to the usual left-left box diagram. This is enhancement is a result of an
extra combinatorial facter (of 2), a large ¥ matrix algebra factor (of 4), a reduced
GIM cancellation effect(from power Lo logarithmic suppression), and an enhanced
hadronic matrix element. Since the left-left box is well kown Lo have given roughly
the right value for the observed Ampg, their calculation implies 430(Mw, [Mw,)* € 1.
This is the main reason that the lower bound on the mass of the right-handed gauge
boson is usually taken to be 1.6TeV.

If the left-right box diagrams contribute to both the real and the CP violating
imaginary part then these Jarge enhancement factors are cancelled. One can of course
include the effect of left-right mixing in the Wg propagator in the diagram. However
in that case not only do the enhancement factors disappear, but the helicity of the
operator requires external(light quark) mass insertions, or an additional left-right
mixing insertion. In both cases the contribution is too small to explein the observed
¢. Note however that in those models iz which the CP is spoataneously broken, even
though the left-right mixing phase is the only phase not suppressed by fermion mass
ratios, the induced phases in the right-handed currents is naturally small enough to

explain €9,
The main source of contribution to ¢ however can be due to the left-right mixing
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Figure 9: Feynman diagrams coatributing ¢.

as in Fig. 9.

A recent calculationl®? gives

¢
| < b= 550¢n. (47)

The recent experimental results imply {n < 3.6 x 10~%. Therefore it is possible that
both £ and n are about 1073,

The neutron electric dipole moment can arise from the left-right mixing phase
alone. The relevant diagram is given in Fig. 10. It was first calculated by Beall
and Soni and followed by many groups!®™). To estimate the diagram, one notes that
left-right mixing in the gauge boson propagator implies that one has to make a mass
insertion in the internal fermion line. This argument confirms the necessity of the
combination gLgr{m.mq for CP violation mentioned before. One may wonder why
we do pot get an external mass insertion factor as expected. In fact that can be
understood very simply by following the same argument in Example 1 of Section E.
For light internal fermions, the diagrams with photon attached to the fermion Line
will get an logarithmic infrared divergence as a result of the internal mass insertion.
Therefore these diagrams will dominate over the others. One can get the estimate

d, My m
< = QiR X IG) (48)
where f(z} is a function of order one if £ ~ I; for small =z, J(z) is expected o
be = constant x Inr as a result of the infrared property. Explicit loop calculations
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Figure 10: Feynman diagrams contributing to the electric dipole moment of the quarks

in the left-right models.

confirm this expectation® . A recent calculation gives the numerical result Dy =

1.8 x 10~"%¢ne — cm which relates to
¢
| Dy |= 3.6 x 107 | P [ (49)

This gives rise to Dy close Lo the recent experimental bound if the value of ’:- in ans

large the experimental limit.

For the one generation case, one can use a phase definition such that the Yukawa
couplings are made real. Then the charged current interaction can be written as
(taking the third generation for example)

Lo = Ty(ai + by )bWPt + e + dips)bGT + A e {50)
where
ay = (grcos £ + gre™sin€)/2VZ, & = (~grcosf + gae™sinf)/2v2, (51)

a3 = (—gre " sin € + gncosf)ﬂ\/i, b, = (gre~"siné + gacon §)/2V2,  (52)

and ¢ = ai(m; — my)fMw,, di = b(m, + ms)/Mw,. These explicit formulae will be
useful for calculations in Part 1] later.

E Supersymmetric theories

Supersymmetric models typically have many sources of CP violationl® #4. 3%, 7% The
detailed interplay between different mechanisms is very model dependent. A detailed
discussion of any of the complicated models won't be very fruitful or even general.
We shall here simply settle for an illustration of many of the popular mechanisms
that have been used in the literature.

Ezample 1. CP violation in supersymmetric QCD.

The mechanism will contribute to the electric dipole moment{EDM) of the neutron,
D,., the EDM of quarks, D,,the chromo-EDM of quarks, I, and the chromo-EDM
of gluons, Dg. The Lagrangian can be written as

—Lw {5(ay" X g + qrY*A"qR)9} }

+ {gU(@ 2 {g%)nit + Gp\TRID) + h.c. )

+ {mididc + mifadn + miadidn + Moilay +h. ¢ }

+ mefrgrth. c (53)

where ¢ and g5 are quark and gluon fields. The fields with a tilde are the superpartners
of these fields. The terms in the two brackets are part of the supersymmetric QCD
Lagrangian if g, = ¢.. The terms in the second bracket are terms which break
supersymmetry softly which is the standard way of implementing supersymmetry
breaking. The last term is of course the usual quark mass term.

The complex parameters in this theory are g}, mra, Mg and m,. They are the
potential sources of CP violation. Due to supersymmetry, g, is in general real and
it is convenient to choose only phase conventions such that this is the case. The
phase of mpp can be absorbed into the redefinition of the phase of §u and §a without
affecting the supersymmetric terms. The phase of M can be absorbed into §},¢r
and {g°)g without affecting supersymmetric terms and mzp. If we pick the phase
convention such that mrg and Mg are real then the quark mass m, is in general
complex and there is no redefinition one can do to remove the phase without moving
the phase to the other terms. One can also use the same argument to show that if
any two of the three complex massive parameters are chosen to be real by proper
definition of complex fields then the remaining one will be complex and its phase
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Figure 11: Feynman diagrams contributing to the electric dipole moment of the quark

in the supersymmetric QCD models.

will be a genuine CP violating phase. Therefore we expect quite generally that the
CP violating quantities will be proportional to (g,)*m{gMgm,. This is the power of

recognizing where the CP violation resides.

Note that if the soft breaking term is induced from some simple high energy
supergravity theory there in general may be relations between these soft breaking
parametersi?™. For example, m}p in most of the cases is proportional to ma/my. In
some case the proportional constant may even be real. However that does not interfere
with our CP argument as long as they are both nonzero and have inconsiatent phase
with Mg.

As an application, one can use this theory to calculate the electric dipole moment
of the quark g. The diagram is shown in Fig. 11. To contribute to Dy, the incoming
quark and outgoing quark have to have different helicity. As a result all the mass
insertions indicated by a cross in the diagram are forced upon us. One can easily
estimate the diagram to be proportional to (twe loop factor)-(g))*m} gMa. Checking
with our estimate, since the m, factor is not present one may wonder whether we
really have the CP violating effect in the diagram or not. The anawer is that in the
limit that the quark mass js zero, we will still get the same electric dipole moment
from the diagram; however, in this case the electric dipole moment is not a CP

violating operator at all. For a massless quark, one has chiral symmetry which can

3o

be used to rotate an electric dipole moment into a magnetic dipole moment which
is always CP conserving. In other words, due to the enlarged (chiral} symmetry,
one can defined CP symmetry for both electric and magnetic dipole moments. Even
though the diagram does induce a electric dipole moment operator without explicit
rn, dependence, we can not claim that the result implies CP violation unless we know.
the associated quark mass is nonzero. Therefore, there is no inconsistency with our
earlier requirement on CP violation. We bave learned that when the induced CP
violating operator invloves chiral quarks in the external line it may not be necessary
to have m, factor in the diagram. However, the result can be interpreted as CP
violation only if the quark masas is nonzero. This is a general feature of CP violation
which is by no mean particular to this example. In fact we have already encountered
this situation before when we discussed the electric dipole moment of quarks in the
left-right models. One has to keep this in mind when appying the general argument
about the existence of CP vioalting effect in a diagram.

Ezample 2. CP violation in supersymmetric QED.

The Lagrangian in this case is almost the same as in the previous case except that the
color factors can be ignored, the quark and gluon fields can be replaced by electron
and photon fields and similarly for their superpartners. Again, for CP violation to
be in a process, the result of the calculation has to be proportional to (e')*m} M. m,
where ¢’ is the coupling constant for superpartner of the usual gauge interactions.
As an example, one can calculate the electric dipole moment of the electron in this
model. The diagram is shown in Fig. 12. As in the previous example, one finds that
the result is proportional to (¢')>m] o M,. Again, the electron mass does not have to
be in the formula for the same reason that quark mass did not have to be in Fig. 11,

Example 3. CP violation in supersymmetric SU(2), x U(l)y gauge theory.
Starting with the usual SU(2), x U(1)y gauge interaction one can supersymmetrize
it and then add soft breaking terms as before. The result is the new interactions

~Lw = e(BLV" L+ Yriwp) W)
+ M 370 + mewf (wr ) + k. c. (34)
Therefore there are three Weyl fields in the theory, 41, wy and w}. They are super-

partners of the photon, W} and W respectively. All three couplings can be complex
3
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Figure 12: Feynmau diagrams contributing to the electric dipole moment of the

electron in the supersymmetric QED models.

and potentially CP violating. However, two of them can be sbsorbed into redefinition
of the fields. Therefore we expect any CP violating consequences to be proportional
to ¢’M,m,. As an application, we can calculate the electric dipole moment of the
W boson. A typical relevant diagram is given in Fig. 13 where all the insertions
arc shown with crosses which demonstrate how these factors that we predicted are

realized.

Another application of this theory is to calculate the chromo electric dipole mo-
ment of the gluon, We shall discuss this in Part I1.

Part II. Recent Developments

A. The Electric Dipole Moment of the Neutron

Recent excitement about neutron electric dipole moment, Dy, and CP violation in
general was fueled by a sequence of experimental improvements on measurements of
CP violating quantities. It started with the measurement of Dy by the Leningrad
Groupf®, They observed Dy = (—14 % 6) x 107> e-cm. Followed by two im-
proved measurements of ¢/fe by the NA3I experiment!® at CERN and the E73!
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Figure 13: Feynman diagrams contributing to the electric dipole moment of the W
boson in the supersymmetric SU{2)r x U/(1)y modela.

experiment*d at Fermilab. Their measurement can be summarized as:
e = {(33 +11) x 1074 (NA3L)

(~4£15) x10-*  (E731) (89)

Then the measurement of Dy was improved by the Grenoble Groupl? with Dy =
(—3 £ 5) % 10°* e-cm. These experiments showed inconsistencies at a certain confi-
dence level and all of them are improving their results by further measurements. On
another front, a recent atomic physica measurement® of the electric dipole moment
of the electron gave (—1.545.5+1.5) x 10-?. Most recently, 2 new measurement™ of
electric dipole moment of electron using **T' atom obtained D, = (—2.7+8.3)x 10~
based on the atomic electric dipole moment of D, = (1.645.0) % 10~?. This amounts
to about one order of magnitude improvement over the previous result. For later
comparison we shall conservatively summarize these experiments as [Dy| < 8 x10-%¢
e-cm; and an upper bound on D, of about 10-%%, All these experimental activities
rekindled further theoretical investigations into these quantities. They are comple-
mented by many inspiring ideas in the theoretical front which we shall review here.
Some reviews which contain older references can be found in Refl[47]. A shorter
review of recent progresa can be found in Ref.[15, 48, 49).

We shall start with the discovery by Weinbergl® of another important mechanism
for Dy. He showed that there is an unique gauge invariant, P-odd, and T-odd
1



operator of dimension 6, Og, involving solely the gluon field strength. It can be
written as i
Oolu) = =3/ 9usGL GG, (6)

~ . . . . . 0113 _
where G, = %e,,,p.,G'“", 4 is the renormalization scale, and the convention is 7% =

+1. Another important operator that can mix with Og is the color-electric dipole

moment{CEDM) operator of quark q,

O,(n) = Go§ (%o"') T*q., (57}

where T* js the generator of color SU/(3) in the fundamental representation and  Lind
is the spin matrix for the Dirac spinor representation of the Lorentz group. One can
jdentily the operator Og as the color-electric dipole moment operator of the gluon

itself by expressing it as an analogous form:

Ools) = ~ 503G ()™ (F*),. s, (59)

where (F*)i. = 1> is the color matrix for the adjoint representation and 5™ is the
spin malrix for the antisymmetric tensor representation of the Lorentz group. This
matrix can in fact be represented compactly using Dirac algebra:(*!

i v
(52107 = ~ =T (. 7l 7" 1™ 1) - (59)
This matrix does indeed satisfly the algebra of generators of the Lorentz group:
[5‘“’,5’“’] g (g“S"" + g"’S“ _ g”S“" _ g""S"') . (60)

Then we have §G; = L($")apew,w G*", under an infinitesimal Lorentz transfor-
mation. Thus the operator Og can be identified as the color-electric dipole moment
of the gluon field strength.

Alternatively one can deduce the color-electric dipole moment of the gluon by
starting with the color electric and magnetic fields. There exist only two P-odd,
T-odd, dimension 6, gauge invariant operators involving color-electric and magnetic
fields: fob(E* x E%). E¢ and f*%(5* x B*) - £. These operators have rotational
invariance but pot Lorentz invariance. The Lorentz boost will mix the color-electric
and color-magnetic fields. Therefore, by imposing Lorentz invariance, one can fix the
relative coefficients of the two operators and deduce 49 9:

Og = J™{3(B* x EY) - (B x B%)- Ev. (61)
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It is natural to identify the combination in the bracket as the color electric dipole

moment of the gluon.

Knowing the existence of O leaves us with three tasks. The first one is to calculate
its coefficient, C, in a specific model of CP violation and determine the scale at which
the operator is induced. The scale is deduced by analyzing the leading contributions

in the integration over loop momenta.

The second task is to evolve the operator at whatever scale it is induced to the
low energy scale where its physical effect is measured. The leading evolutionary
effect is of course due to the QCD correction, Such a correction can be evaluated
usiug the renormalization group technique which is designed to sum over leading QCD
logarithmic corrections to arbitrary loop level. '

The third task is to evaluate its contribution to the Dy by calculating the hadronic

matrix element { neutron + photon |Og| neutron ).

To make matters more interesting, all three tasks are intricately coupled. To
evaluate C in a specific mode! one should incorporate QCI} renormalization group
{R.G.) correction as much as possible. This involves first integrating out the heavy
particles one by one in the model and investigating at which stage the operator Og
is induced as a local operator. In some cases, other operators such as O, are induced
first and Og is induced later only through the matching conditions at the threshold
where another set of fields such as the quark q is integrated out. Then the operator
is evolved to the hadronic scale taking into account its possible mixing with all the
existing operators at any particular scale using R.G. technique.

On the other hand, the result of the R.G. calculation is very sensitive to the choice
of the hadronic scale. The proper hadronic scale to choose is presumably determined
by the scale at which we thiok the hadronic matrix element cen be evaluated with
confidence. One may think that the neutron mass should be the natural scale to use
for the low energy end of the R.G. evolution. However, unfortunately, one is limited
by our inability to evaluate the matrix element especially for the operators involving
only gluons.

The simplest way to estimate the matrix element is to use “naive dimen-
sional analysis”®"l. Manobar and Georgil®"! designed a systematic scheme for do-
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ing the dimensional analysis. Every interaction g is assigned a reduced coupling
(4x)3~ VY MDP-4g where D = dim{O) and the operator O contains N fields. M, is the
chiral symmetry breaking acale = 2rF, = 1190 MeV. When one evaluates the com-
bined contribution of operators involving quarks and gluons to a hadronic process
one simply identifies the reduced coupling of the corresponding hadronic operator
with the product of the reduced couplings at the constituent level. For example, the
interaction COc has the reduced coupling C(4x)~' M]. The electromagnetic coupling
has the reduced coupling e(4x)~*. Together they can induce the neutron electric
dipole moment at the hadronic level. Therefore the neutron electric dipole moment

operator, Dy Nao,. 15N F**, has the reduced coupling

M, _C ? €
N.m—)_a;M, o (62)

Dn can be written asf®s

Dy ~ eM,Cqen(p)(ga(r) /47)7°C(g.(#)), (63)

where 4 is a hadronic scale, and (gep is the QCD renormalization factor.

Manohar and Georgi argued that this dimensional estimate of matrix elements
should be reliable only for the matrix elements which involve scales near the confine-
ment scale ( ~ 250 MeV) which is below the chiral symmetry breaking scale. It is not
clear how reliable it is for estimating the matrix element of a purely gluonic operator

between neutrons.

Compounding the problem is the fact that near the confinement scale the QCD
coupling is known to be strong and the perturbative R.G. analysis is invalid there. In
fact below the chiral symmetry breaking phase transition, the QCD coupling constant
is supposed to be corrected to give a smaller value as compared to that predicted by
the extrapolation of R.G. analysis. In the same way one also expects the anomalous
dimensions of various operators, including Og, to be corrected due to the presence
of the Goldstone modes. All of this qualitative argument is, however, difficult to
quantify. For this reason we shall take the chiral symmetry breaking scale as our low
energy end of the R.G. evolution and consider the uncertainty in the choice of the

hadronic scale part of the theoretical uncertainty.
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. 9 9
Figure 14: Feynman diagrams contributing to the Weinberg operator O in the neu-
tral Higgs models.

To get an idea of how uncertain the estimate of Eqn( 63) is, one can compare
it with another recent estimate of this matrix element!* which obtained a value 30
times smaller than Eqn{ 63).

Modulo this uncertainty, the experimental results on Dy may still give strong
constraints on models that give rise to appreciable C. Weinberg 1*! showed that C is
induced, for models with C'P violating mixing of the physical neutral Higgs bosons,
through the two-loop diagrams shown in Fig. 14. The leading contribution is coming
from the t-quark in the loop. The diagram in Fig, 14(b) contributes oaly to the self
energy correction of the t quark and therefore does not contribute to the operator

Os.

For a general neutral Higgs boson exchange interaction, it is easy to see that the
CP violation requires the helicities of the two Yukawa couplings to be correlated. The
general Yukawa coupling for neutral Higgs can be written as

Ly = adrgr + a“Jror. (64)

For CP violation, one needs either a? or (a*)? from the two Yukawa vertices in Fig. 14,
80 that they are correlated in such a way that one is forced to pick up one of the m,
parts of the numerators of the quark propagators between the two consecutive Yukawa
couplings. We call this the mass insertion on the fermion line. Note that this is a
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general feature of any CP violation due to the scalar-pseudoscalar neutral scalar boson
exchange. Knowing this basic feature, we can go ahead to estimate the contribution
of the diagram. From the above argument, we immediately expect to get four powers

of m,, two from the Yukawa couplings and two from the fermion mass insertions.

However, this does not yet reflect the behavior of the loop contribution when the
quark mass is taken to be small. The reason is that the loop integral may be infrared
divergent when the quark masses are taken to be vanishingly small. Before we show
this, we first translate the operator O¢ into momentum space. Up to an additive
term which vanishes on shell, the tensor, T, of the three gluon vertex corresponding

to the operator € in momentum space can be written aal*

T = —ii%f““'l\r ([Icl,'r"l{ﬁz.'r'][.karf"]‘rs)- (65)
Therefore to contribute to  one needs to pick up three powers of external momenta.
In Fig. 14(a), there are five quark propagators. Among their numerators, two will
pick up the quark mass pieces. The other three will have to pick up the external
momenta part of their ; pieces. After all the helicity and external momenta are
accounted for, one can set the external momenta to zero in the remaining integral.
Now it is clear that in the loop with three fermion propagators the loop integration
will have quadratic infrared divergence when the quark mass is set to zero. The loop
with two fermion propagators will have logarithmic infrared divergence in the same
Limit. That means one should expect s Iactor of (m,)"2In{m,} from the loop integral.

With this one can easily write down an estimate of the resuit

¢ =i (S5 ;(’;fr)‘)( ) s b () (66)

where niZ; is the QCD correction factor to be determined later. The second factor
is the typical contribution of any two loop diagram. ¢ and g, are 5U(2), and SU(3)
coupling constants respectively. The (1/Mw)? factor follows from the dimension
argument and the fact that the Yukawa couplings are proportional to (1/Mw). The
ImZ; parametrizes the CP violation in the theory as explained previously Section I.B.
hyn(o) is a function of order one when the variable o is of order one. For small o, we
expect hyy(o) to have like (constant)x(o)?la{e)?. The explicit two loop calculation

gives

3(1 _3)
hnpl{a) = j d’j y[z(1 . :y)a’ +(1=-z}1-y" ®7)

Figure 15: Feynman diagrams contributing to the Weinberg operator Oy in the
charged Higgs models.

In the small m, /My limit,

-1 m? m?
hww(m/My) — —- M; In ( 3 ) . (68)
This confirms our estimate modulo a factor of order one.

Dicus [ calculated the contribution for models with CP violating charged Higgs
boson mixing!** %19, The relevant disgrams are given in Fig. 15.  From the
general belicity argument in the previous paragraph, one expects to have Lwo factors
of (mym,)} with a factor from the Yukawa couplings and another one from the fermion
masy insertions. It is clear that the contribution of Fig. 15(a) is going to be much
larger than those of Fig. 15(b) because the loop with the b-quark has more severe
infrared divergence. Therefore we can just estimate the contribution of Fig. 15(a).
Our estimate can again be given by Eqn{ 66) except that the b function is now a
function of_ two variables, Acx(0y, o) where o4 = m,/My. The mass My in this case
is the charged Higgs boson mass. The QCD correction factor will be different as we
shall discuas later. For small o, we expect A to be (constant) x {m,/My)?In(m, /M, )
where the constant is of order one as with any other *constant” in this paper. :Ve
do pot expect a suppression factor due to m, because of the infrared divergnece
mentioned earlier. The explicit two loop calculation gives

k(o o1)

oy} 323(1 - 1)
d
-/ f YO - zlyoi + 2(l ~ ylo? + (1 — z)(1 - )7
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Figure 16;: Feynman diagrams contributing to the Weinberg operator Op in the left-
right models.

+(os + o). (69)

For the small o, limit, we can easily check our estimate and determine the constant

to be -1/2 just like the neutral Higgs boson case.

In ref.[60] it was pointed out that the Weinberg mechanism may also provide
ap appreciable contribution to the Dy for models with CP violating left-right
mixingl'® * | The relevant diagrams are given in Fig. 16. Following the same
arguments as in previous paragraphs, we expect the Fig. 16(b) to be negligible com-
pared to Fig. 16(a). Note however that in this case all the couplings are gauge cou-
plings instead of Yukawa couplings as in the previous two examples. An immediale
consequence of this is that the quadratic (m;)? infrared singularity is not completely
cancelled by the masses from the helicity argument. As a result, there is a net (1/m,)
factor which means the lighter quark mass actually provides an enhancement effect

instead of suppression as one may naively expect.

The actual two loop calculation gives

C=— g i Im(a;5})

{4x)4 My, [Bw (0w, 0u) + ha(ow, o4)]. (70)

i=l

where the couplings a;, b; are given in Section 1.D., and o = m,/Mw,. The functions
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hw and hg are given by

hw (04, 0u) = donouh(ow, ou), (T1)
and
ha(au.a..-) = (0: - G‘E.-)d'uﬂ'ﬁh'(aﬁ,dti)a (72)
with
31.?(1 — :)!
Howo) = [ dz [ Wizt = 2wet + (L - i + (1 - )1 - 9P
~{w + 04)
and
r — 3:3(1 - I)
iowoa) = [lds ] ”{zu e e P ) P R
+(oh ~ o). (74)

Note that to obtain CP violation in Fig. 16(a) one has to pick the left-handed
vector coupling at one end of the W; propagator and the right-handed vector coupling
at the other. As a result one has to make cne mass insertion on each of the two quark
lines which explains the m,m, factor in hw. To have CP violation for diagrams in
which W; is replaced by the Goldstone bosons, one has to use scalar vertices of the
same chirality at both ends of the unphysical Higgs propagator. As a result one picks
up either a factor of m?e=™" or a factor of mie™ from the vertices and a masa insertion

on each of the two quark lines. This explains the factor of mymi(m} — m}} in hg.

For small o3, but arbitrary oy;, we have
1

h{ow, o) ~ W(Uﬂ lnoj + 0:.) (75)
1 3
K (ovi, 00) ~ m(—lﬂ Th - 2t 203 — Uc.) (76)
and thus 3 1
Ty
h hg ~ ————(2+3 1. g8
w + g ool — ")3( + 3oy lnof ~ 2":- 2%l ("M

Using Weinberg's estimation®3 of the matrix element, Dy is given by (for sim-

plicity, we assume gr = gnp = g1 and Mw, > Mw, = My)
Do ~159 x 107 f(——)¢sinfsing e—cm (78)
Mw
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Figure 17: Feynman diagrams contributing to the Weinberg operator Oy in the su-

persymmetric models.

where f({z) = (2z + 62 lnz —3z%/2 — 27/2)/(1 — £*). For m,/Mw 2 1, the function
f(m/Mw) is about (—1/2)(m,/Mw). In order to compare with the contribution of
the one loop electric dipole moments of the constituent quarks to the electric dipole

moment of neutron calculated by Beall and Sonil?
D, (Beall — Soni) ~ 5.3 x 10" sin{siny e —cm, (19)

we need to know the QCD evolution factor { which we will be discussed shortly.

For supersymmetric models, there can be many sources of Og. The most impor-
tant ope is probably the supersymmetric QCD mechanism mentioned Section LE.
As mentioned there, the CP violating effect has to be proportional (g})*m} o Mgm,.
This is indeed demonstrated clearly by crosses in the most importaat two loop dia-
gram, shown in Fig. 17. Note that in this case heavy as well as light quarks can
contribute to the loop. As a result of the infrared property of the quark loop we get
an (1/m,)? factor from the loop which combined with the CP factor mentioned above
result in a net (1/m,) factor as in the case of left-right models. This diagram has
been calculated by many groupsi3>: 24331 It certainly confirms our expectation and
estimate. We shall not get into detail here because the basic feature is similar to the

other models that we have discussed.

The fermion mass singularity in both the charged Higgs and the left-right models
42

(o)

Figure 18: Diagrams that determine the shift in the coefficient Cc(y) at the threshold
for a heavy quark Q.

is of course a signal that the corresponding fermion loop should not be treated as a
local operator at the scale above the fermion mass scale which in this case is the b
quark mass. The proper way to treat this problem is to integrate out the t quark and
the W boson first which induces & color electric dipole moment operator((,) for the
b quark as shown in Fig. 18(a).

This operator is then QCD corrected using R.G. technique down to the b-quark
scale. The Og operator is subsequently induced after the b quark is integrated out
as shown in Fig. 18(b). That is, for this class of models, in order to take the leadiag
logaritbmic QCD correction into account one should break up the two loop calcu-
lations discussed earlier and keep only the leading term in the scale ratio my My .
Since the leading log. correction is numerically more significant then the higher order
term in my/Mw, it is a worthwhile trade off. One can of course include both leading
log. and higher order terms in my/Myy; however it will take a lot more hard work on
the threshold effect and probably will be numerically insignificant.

To calculate the QCD effect, one first has to include all the operators that can
mix with O at some level in the analysis. That means one shauld at least include
the operator O, in the analysis because in some models the quark operator O, can
slready be induced at the one-loop level.l% 92.34.38) g tg 5 total derivative term,
Og and O, are the oaly gauge invariant C P-violating operators with dimension <6
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that jnvolve the gluon field strength. Thus, the effective Hamiltonian for the neutron

electric dipole moment will contain the following terms

Hers = Calp)Oc(p) + 2 Col#)O:(H) (80)
L]

where Cg(u) and Cq(s) are the Wilson coefficient functions that depend on the model

of C P-violation. Since ,uf; .77 = 0 by definition the p-dependence of the operators
has to balance the u-dependence of the Wilson coefficient functions. Cnce the evo-

lution of the operators as a function of x is calculated, the p-dependence of the
cocflicients is determined.

Between any two relevant scales of the theory when the particle content of the
theory remains the same, the scale dependence of the operators is determined by the
anomalous dimensions of the operators. The anomalous dimensions are in turn deter-
mined by the cut-off dependence of the loop corrections to the effective Hamiltonian,
Therefore calculating anomalous dimension at one loop level is the same as analyz-
ing the divergent structure of the one loop corrections. Since the induced operator
with divergent coefficients may not always be the same form as the original one, the
anomalous dimension is in general a matrix. For example, up to dimension 6 , Og
and ©, are the only two operators that are CP violating and therefore can mix with
each other. (Again, we have ignored the dimension four F, F,, term because it is a
total derivative. More discussion about this is given in K. Choi’s talk). Therefore,

the repormalization group equations for these operators are
a a.(p)
vz [ 0u) = Z e [ 13040, (81)
and,

a
P@;]d'zoa(#) =

%) (100 [ #5000 + 700 S ) | #:0(0). (82

x

The anomalous dimension for €, is given byl ¢ v & = B~ 10CF ~ 3Ny; while
for Og it in given by!® ygg = —Ca — 2N}

The equations imply the operator Og can induce the operator O,, but not vise
versa. This is expected because Og is of dimension 6 and O, only of dimension 5.
This operator mixing is controlled by the anomalous dimension 7g, which is given(®d
by 2C4. For SU(3), Cx =3 and Cf = ;
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Figure 19: Diagrams that determine the anomalous dimension coefficient v55. The
circle with & inside represents the gluonic £ P-violating operator Og.

In some models a different basis of operators may be more useful for the effective
Hamiltonian in (5}, such as O\(u) = 9,()*Oc(x) and Os(u) = g,(s)my()O4(4), the
anomalous dimension matrix is then changed. The diagonal coefficients analogous to
TG and Yy vre Ty = Yo —3f = ~12C4 and Y3 = Yy — B+ Y = 4C4 —
16CF. Here, f = (11C4 — 2N;}/3 is the QCD beta-function and 4. = —6Cp is the
anomalous dimension of the quark mass operator.

Among these anomalous dimensions, 4g¢ i3 the most complicated one to calculate
because of the complexity of the gluon self-coupling vertex. The diagrams which need
to be calculated for this purpose are given in Fig. 19,  Since the Og operator
contains terms which have from 3 gluons to 6 gluons, the simplest way is to select a
particular term that one wishes to induce and assume that the gauge invariance will
take care of the rest. Alternatively, one can avoid the gauge ambiguity by considering
the eflect of the operator on a scattering process involving three gluons. In ref.[65], the
background field method is used in which all the external fields are considered to be
background fields. For constant background fields, only the dimension 6 piece, which
does not contain any momentum in the vertex, is induced. In this method, the final
operator structure is simpler but there are more disgrams to calculate, In ref.[64],
a more conventional method is used and the operator structure of the dimension 3
piece is used to identify the operator. They detected the wrong sign in ref. (65). The
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issue of gauge dependence has been reexamined(®d.

After the dust settled, it was pointed outl®¥ that all these anomalous dimensions
were calculated before by Morozovl®l. He calculated the anomalous dimensions ma-
trix for almost all the QCD operators with dimension < 8 excluding only those with

four fermion couplings. Later, we will discusa some of Morozov’s result a little more.

If one is oaly interested in the low energy effect of the operator Og, the mixing
of the operators Og and O, is actually a higher order effect and therefore can be
ignored®® 4?1 This will be justified shortly. Ignoring this mixing, the solution to the

renormalization group equations for the Wilson coefficient functions is then

raalP Y/ B
Cotr = (S cotan) | = (Zk) T con. 09
To solve this equation, one needs the initial conditions on the C coefficients in
H,sy. At the highest scale in the theory, Mgy is the same as the basic Hamiltonian.
The initial C coefficients are therefore determined by the input parameter of the
theory. As we go down in energy scale, the particles heavier than the relevant scale
have to be integrated out. After the heavy parlicles are integrated out, we obtain a
Lagrangian without these particles, however their effects have been summarized in the
new effective Hamiltonian. Therefore to make sure their effects are properly taken
into account, we should compare the physical effects of the effective Hamiltonian
above the heavy particle threshold where these particles are present to the effects
of the one below the threshold where such particles no longerpreside. The initial C
coefficients for the evolution below each threshold M are thereby determined.

In neutral Higgs models, Qg is induced when the t quark and H® are integrated
out at somne heavy scale M. With the initial conditions Cy(M) = 0 and Ce(M) =
Co{M)(g.(M)/4x)?, the C P-violating effective Hamiltonian becomes

3 »/13
Co(m) (e52)" (847)™ Octw)

feln,

ColM)(LR)™™ (£La1)’ Og(). (84)

We have assumed 5 flavors between the scales M and u. Note that the QC D correction

to the operator Og is a suppression effect. Therefore the enhancement effect discussed

Hagy
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in ref.[55) is actually a suppression factor because the exponent of wrong sign was
used there.

To discuss the other models we have to emphasize the importance of the op-
erator ©,. This operator does not affect Og through its R.G. evolution, but it
has a significant effect on the matching condition while going through the thresh-
old of the quark field. At the threshold of a quark ), the operator Og(u) for
that quark gives a finite contribution to the coefficient of the glucnic operator Og.
Therefore one must match matrix elements of the operator Og(p) with H,ys(mp) ~
J Colm)Oc(n) + J Ca(u)Oq(p) just above the threshold u = m§ with the corre
sponding matrix elements using M,s7(mg) = [ Co(#)Oc(u) just below mg, the shift
is given byfe! &4
™ 1 a,(mg)

Calm3) = Calm) + Co(ar) (242a]) ™" L el

5.(M)

Thus the contribution to Cg(p) at the hadronic scale involves an enhancement at

(85)

the quark thresholds due to Ofs, followed by suppressions from the evolution of Og
between thresholds. This shift can be significant when both Cg(M) and Cg(M) are
nonvanishing at the weak scale. In fact, it is easy to see that this is the case in the

supersymmetric model?4,

The matching condition also provides a better way to understand the results of
Ref.[59) and [60]. The two loop calculations there can be divided into two steps!l 23,
the first being the generation of the operator Oy(m,) from a one-loop diagram at the
scale m,. In the second step, the operator Oi(m}) induces the operator Og(m;)
by the matching condition. This approach bas the advantage of summing up all the
leading logarithms of the form a}log"(m,/m,) and thus improves the direct two-loop

calculations in these references.

We now justify our earlier claim that operator mixing can be ignored within the
approximation we are working at. We need only consider mixing of Og with the heavy
quark operators Og, because hadronic matrix elements involving light quark operators
will be suppressed by the light quark mass. If Ce(M) is nonzero, renormalization
group evolution of Og down to the scale mg will generate a contribution to Cq(m})
on the order of Cg(M)mg. Applying the matching condition Eqn{ 85) at the heavy
quark threshold, we find that the shift in Cg is of order Cg(M )a,(mg). This shift is
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suppressed by a power of a,{mg) compared to CG(NE)‘ and should not be included
unless one also computes the order a, corrections to the initial conditions and to the
diagonal evolution of Og.

If the C P-violation comes from the neutral Higgs boson mixing, from Equo{ 66}, the
NEDM is estimated to be Dy ~ 2.0 x 10~ (58, () h(me /My )(Im Z;) e — cm where
Im Z; and the function h(m./My) has been defined earlier. The QCD evolution

factor is given by

(M ))mm (9_(_’15,1) e (2_(_"_‘52) o (E’.’L’ﬂ)a . (s8)

NH =
CQCD(F) B (9-("‘5) go(m.) a(p) 4r
The lower curve in Fig. 20 shows the NEDM {dn/1mZ4) as a function of the hadronic

scale.
A figure for Dy can be found in ref.[49]. For u ~ 1 GeV, Ca’gp ~3 x 1074, and

the NEDM is about 6.0 x 10~?*ImZ3e — cm for m; ~ My.
Similar calculations can be performed for the charged Higgs boson case.*¥ The
QC D evolution factor is given bylel
5 108/27 3
(S () = (g.(M))”’” (g.(m»))“’” (g.(m,)) f (g.(#)) e
Qcb ga(rms) g:(mc) 9:(n) ix
For g ~ 1GeV, (§p ~ 1073. From the middle curve of Fig. 20, we see that the
NEDM is about 3 x 10-2*Im Z} ¢ — cm for my ~ Mys+.

In the left-right symmetric model, assuming the right-handed scale is the TeV
scale, one has!®l d, ~ 1.59 x 10-%¢58 () f(m/Mw) sin { sinn e —cm, whete §
and 7 are the left-right mixing angle and the C P-violation phase respectively. The
function f(z) = (2z + 6z*inz — 3z%/2 — 27/2)/(1 - £%)3, and is of order unity for
1 < my/Mw < 5. The QCD evolution factor is

5B () = (s.(M) )"” (g-(rm))“”’" (g.(me))‘“’“ (g.(u))’ (88)
qco 94{ms) ge(m.) 9:(#) 4x ’
(LB, ~ 1.5 % 1073 at u ~ 1GeV. It is almost an order of magnitude larger than
that of the peutral Higge boson case. From the upper curve of Fig. 20, we have
d, ~ 2 x 10~ sin § sinn e — cm, where we have assumed m,; ~ Mw. Note that for
the minimal modell'®, sin ¢ sin 7 is about 1.5 x 1075,
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Figure 20: The neutron electric dipole moment (Dy), modulo by the corresponding
C'P violating phases, as a function of the badronic scale (4) in various models of CP
violation.

Upper curve: Dy /sinfsinn versus p in left-right saymmetric model; middle curve:
Dy fImZ; versus 4 in charged Higgs boson model; lower curve: Dy /Im2Z; versus u in
neutron Higgs boson model. We have set m; = My = My+ = Mw in these curves.

The first factors of Eqo( 87) and Eqn( 88) come from the evolution of the b quark
color-electric dipole moment between M and my. They have different exponents
because the bottom quark mass is absent in the color-electric dipole moment, Co(M),
of the & quark in the left-right symmetric model as compared to the case of the charged
Higgs boson case.l®!) It implies that the light quark mass enhancement {1/m.) in the
matching condition ( 85) survives for the Dy in the left-right aymmetric model.1o)

For supersymmetric models similar analysis can also be done. The general char-
acter of this case ia not too different from the charged Higgs case!™. Since the loop
with the gluino contains only susy particles which are presumably heavy, it should be
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integrated out first like the charged Higgs case and induce a chromo-electric dipole
moment, D%, for the lighter quarks at the supersymmetry breaking scale. The most
distinctive feature is that, assuming all the susy particles are of the same scale, the D,
of all the quarks are induced at the same time with similar magnitudes. In contrast,
in the charged Higgs or the left-right models, only Df for the b quark is induced

without the mixing angle suppression.

Before we summarize we wish to mention some interesting problems raised by the
calculation of Morozovi®™, As we have seen, the effect of the dimension six gluonic
operator is suppressed by the QCD evolution effect. The suppression eflect, qualita-
tively, is not surprising because the operator contains three powers of QCD coupling
constants and it gives rise to enhancement effect for the operator and therefore results
in suppression in its coefficient. One may wonder whether this is a general feature
for other higher dimensional gluonic operators. Morozov's calculation showed that
this is not the case. For example, at dimension §, there are three independent P-,
T-violating purely gluonic operators one can write down. They havea 3 by 3 anoma-
lous dimension matrix. The eigenvalues of the matrix are (-86, -41.7, +9.6} using our
normalization. The positive eigenvalue indicates that one of the linear combination
is actually enhanced by QCD. Given how negative the other eigenvalues are, at low
energy, this is almost the only linear combination that will survive. Note that Moro-
zov's result has not been checked in the literature yet. Given the complexity of the

calculation it is certainly desirable to have an independent check of the result.

Given this operator with the positive anomalous dimension, one would like to
know how impottant ia the low energy effect of this operator. Certainly a higher
dimensional operator will be suppressed by the inverse of some bigher mass scale.
In most of the models, this scale is My or higher. Therefore there will be at least
a (my/mw)? suppression factor relative to the dimension 6 operator, Og, where
mp is the neutron mass. It is interesting to see if the QCD enhancement factor
can compensate this suppression factor. Using the Higgs models of CP violation
as examples, one can identify the two loop diagrams that will contribute to this
operator. They are shown in Fig. 21. The diagram in Fig. 21(a} was pointed out
by Weinberg beforel®!. For neutral Higgs models with the top quark loops, all the
diagrams, Fig. 2i(a,b,c), give contributions of similar magnitude. For the charged
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Figure 21: Two loop diagrams that contribute to the dimension 8 purely gluonic
operators.

Higgs model, the main contribution is due to the Fig. 21{d,e). This is because the b
quark loop ia infrared divergent. Therefore one should integrate out the t quark loop
first, add the QCD correction and then integrate out the b quark loop. That means,
the Fig. 21(e) should dominate over Fig. 21(d) because it has a more severe infrared
divergence when m; is set to zero. Therefore the dimension 8 operator is induced at
the m, scale by the chromo-electric dipole operator of the b quark. Therefore the
scale that balances the the dimension should be m, instead of My. Of course we also
lost the QCD enhancement effect that we sought for earlier between my and My.
Without an explicit two loop calculation, we can make a first estimate of its effect.
The the two loop graph in Fig. 21(b) for example. It can be estimated to be

3.2
Do o g0 ( 9,9 1 m, . e
Ny 4(4’_). M,?.,Mj', ImZ, f'(MH )’"‘(a) (‘t)zM: (89)
where the last bracket is the matrix element of the operator using the naive dimen-

sional estimate; fg is a function of order one when m, ~ M. The QCD enhancement
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factor is 28.8/23
gen o, (9™ )
T =\ (0 - (
g+(11)
If 4 is taken to be 250 MeV and My taken to be 100 GeV, this contribution can be

competitive with that of Og. A more detail analysis of thia is still in progress.

There are also other interesting issues that have been raised in the literature. In
ref.[68], it is claimed that the dimension 8 P-, T- violating operators with one photon
and three gluon field strengths can give even larger contribution than the dimension
6 operator, Jg. It is also interesting to investigate the importance of these operators
in models with the QCD Peccei- Quina symmetry invented to avoid the strong CP

problem®®. Due to limitations in space and time we shall not explore this further,

Finally, we summarize the contribution of the gluon color electric dipole moment
to the neutron electric dipole moment in various models of CP violation. It turns out
that this contribution in most of the models in which one can provide a solid prediction
of Dy does not represent the dominant contribution. However the mechanism does
give rise to nontrivial constraint on the parameters which are not already constrained

by CP violation in the kaon sector in a more general class of models. One should

however remember that the estimates contain {arge uncertainties. This js reflected in -

Fig. 20 that when the scale ;s is less than about 250 MeV, all three curves begin to
deccease rapidly. We conclude that the mechanism of generating NEDM using the
gluon color-electric dipole moment operator does not rule out any reasonable models
of C P-viclation. Nevertheless it remains a powerful mechanism for generation of the

neutron electric dipole moment in many models of CP violation.

B. Electric Dipole Moment of Electron and
Quarks

(1)Barr-Zee mechanism and lelctric dipole moment of elctron

In the Higgs models of CP violation, at one loop level, the only contribution is through

the neutral Higgs boson exchange as shown in Fig. 22. To obtain an electric dipole

moment operator the initial and final electrons have to have different helicities. Since

in this diagram, the two Yukawa couplings flip helcity twice, we are forced to make
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Figure 22: Oue loop contribution to electric dipole moment of eletron through the
neutral Higgs exchange.

one additional mass insertion on the fermion lines. As discussed before in Section
ILA., a general character of the neutral Higgs mediated CP violation is that there
has Lo be a mass insertion between the two Yukawa couplings. Therefore the mass
insertion required by the helicity of the D, operator has to be an internal insertion.,
As a resuit, the diagram can be estitnated to give

Dfe (SI’I"")(m-/Mw)’(m./M},)ln(m.]M”)’, (91)

where the logarithmic factor is the anticipated infrared divergence in the loop when
the electron mass is set to zero. Two powers of My originate from the Yukawa

couplings. With three powers of m,, the numerical value of this coatribution is
vanishingly small.

If CP violation is in the charged Higgs sector, it does not even have a one loop
contribution. This is because neutrinos are massless and the associated chiral sym-
metry can be used to rotate away the complex phase of the Yukawa owoupling of the
lightest charged Higgs boson.

Recently, Barr and Zeel™ pointed out there is a new class of two-loop Feynman
diagrams, generically given by Fig. 23 which can lead to a large electric dipole
moment (EDM) of the charged leptons or light quarks due to the CP violation in the
neutral Higgs propagators.i? ¥ The diagram requires ouly ony one helicity flip on the
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Figure 23: Generic two loop contribution to the electric dipole moment of the electron

through an Hyy or HZ~ vertex.

electron line which is accomplished automatically by the Yukawa coupling. Therefore,
generically, the diagram can be estimated to be D, fe = (¢ /4x) (m /M},) - f where
f ia a function of order one when all the heavy particles in the loop are of about the

2ame masses,

For the charged Higgs exchange models of CP violation® 1% 2 % gimilar two loop
diagrams also give important contributions. This case is not investigated in detail in
the literature yet!™. Therefore, we will not discuss this case very much here. We shall
assume that neutral Higgs exchange is the sole source of CP violation. Of course, if
a model with only two doublets, the charged Higgs sector will be automatically CP

conserving.

The two loop diagrams that contribute the D, can be classified into a few classes.
The first one involves & one loop subdiagram through which an effective Hyy or
HZ-~ vertices are induced as those in Fig. 24. The first loop in asy of these two-
loop diagrams involves either a heavy fermion, say the top quark, or the W boson that
couples to an external photon line. In this discussion we shall ignore the charge Higgs
loop since they are model dependent and can always be made smaller by making
charged Higgs heavier. The strategy is that we like to discuss the consequence of the
neutral and charged Higgs mediated CP violation separately and calculate the part
of the contribution which is the least model dependent.

M

y (=)

Figure 24: The two Loop diagrams that involve a one loop subdiagram which induces
an effective Hyy or HZ+y vertices

The second class involves a one loop subdiagram that induces an effective electric
dipole moment operator for the W boson as in Fig. 25. As we will show in the next
section, a general argument of Ref.[81] shows that the two loop diagrams of this type
cannot produce a CP violating eflective EDM for the W boson in the first loop and
hence gives no contribution here. The argument can be generalized to an arbitrary
number of loops to show that without using the fermion in the loop the induced
WWy vertex can not contribute to the EDM of any fermion in any gauge theory of
CP violation. This is because, without fermions, one can find a discrete symmetry,
which we shall call V-parity, such that it transforms all the gauge particles like the
ordinary parity P but leaves the spinless particles invariant. V-parity forbida any
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Figure 25: Feynman diagrams for the EDM of the electron with an effective operator

for the electric dipole moment of W.

WW+ vertex which is P-odd. Therefore the only CP violating WW+ vertex that
can be induced through bosonic loops has to be P-cven and C-odd. To generate
the EDM of fermions, the photon field in the WW+ vertex has to be in the gauge
invariant form, F*. One can show that, in this case, the WW+y vertex is always C
even and no EDM of fermions can be induced. As a result, we need the scalar Higga
coupling in the first loop and then the pseudoscalar Higgs coupling to the electron
line in the second loop 80 as to produce the scalar-pseudoscalar mixing which is CP

non-conserving.i™

There are a lot of other diagrams, shown in Fig. 26, that do not contain a one loop
subdiagram as in Fig. 23 which induces a bosonic effective vertex. These diagrams
were discovered by Leigh, Paban and Xul™, Their calculations show that this class

of diagrams does not give the dominant contribution.

The dominant contributions are due to the graphs in Fig. 24. Detailed analysis of
these diagrams has been done by many authors "3, 7.7 We will simply mentica the
subtlety involved in the calculation. The amplitudes for the effective Hyy and HZ7
vertices due to the W-loop in the standard model are given in Ref.{77] The reault
has been confirmed by more than one group. We can easily translate their results
into the case of the multi-Higgs doublet models. To do the translation, one notes
that, in Re gauge, the diagrams associated with W-loop can be separated into two
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Figure 26: Two loop diagrams that do not contain a one loop subdiagram with
eflective Hyy or HZ7 vertex.

gauge invariant sets. The first set involves loops containing the W boson or its ghost
while the second set involves specifically the Higgs boson coupling to the unphysical
charged Higgs G* associated with the W boson. The latter coupling is proportional
to the Higgs mass, M}, and therefore this set of diagrams forms a gauge invariant
subset by themselves, These two seta of diagrams should be translated separately.

For multi-Higgs doubleta models, there are more than two CP violating mixings in
the :-mutral Higgs sector'd. They can be parametrized in terms of Im Z;,Im Z;, and
Im Z;; as defined in Eqa.( 27). They are constrained by unitary condition, Eqn.{ 29),
as derived in Section 1.C.. Thess couplings can be used to translate the set of diagrams
with bosonic loops whose coupling constants do not have explicit dependence on the
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Higgs mass. But before we get to the explicit two loop results we should step back
and see if we can get a reasonable estimate without getting into the details. The
idea is to demonstrate how much of the result can be anticipated without the detail

calculation just by analyzing the physics carefully.

For the top quark loop, since the Yukawa coupling of the t quark already flips
the helicity once in the loop, one needs another mass insertion in the top loop. After
that insertion, we will have an infrared singularity in the top quark loop if we set m,
to zero. At the same Lime since we have already taken the electron propagator to be
a massless one in our approximation, even the second loop will also get an infrared
divergent in the limit of vanishing m, Therefore, we expect the m, dependence of
the loop to be m?(lnm()? for the case of m, <« My, The Yukawa couplings are
my/A; = (gmf2mw) - (V/v/2)3) for the t quark and myf), for electron, where we
assumne that the electron couples to ¢;. For the Higgs boson propagator with CP
violaling mixing, one can write it as Im{da',’eﬁﬁ"’} where each field can be complex
conjugated depending on the helicity of the Yukawa vertices. It is helpful to combine
couplings with the propagator in the analysis. If the electron vertex is scalar and top
vertex is pseudoscalar, the propagator combined with coupling constants ia
m(v* o8 i*;a_)

MM T AT

4
_umg [y S+ o (636D
= y 2Im o + 2Im T
_ .rum, ImZY, + ImZ},
= i~ V2Gr @M (92)

Similarly if the electron vertex is pseudoscalar and the top vertex is scalar then we

only have to switch between ¢7 and 43" and obtain

.mm, ImZ?, - ImZ%,
Ve

(93)
Putting these together, we can estimate the top quark loop contribution to be
[_1?:] - (_1_)’ mim Gr)  me
€ I - 16‘[1 ﬁ MH
[ ( )(ImZ{’, ImZ%,) + G(M’ WImZ3; + ImZ“,)] , (94)
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The functions F(z),G(z) are of order 1 of z ~ 1 and F{z), G(z) = constant x (lnz)?
if z is small. Two powers of My are present by dimensional arguemnt.

This can be compared with Lthe explicit two loop results [70.73.74,78, 78] For dia-
grams with the Hyy vertex, it is given by

(Dl e = = S22 5 [Uftae) + sCema)lien Z5 = o) = s(ama)lim 23]
(95)
where
_ 1 1-2z(1-2), z(1-1x)
fz) = 22-[ z(l—z)-zln z
o(z) = %zjo‘ dq _1:) — zln’“z") (96)

and zy, is m}/M}, . These functions are such thatlf% f(1) =~ 1/2, (1) = 1; for large
z, f(z) =~ (1/3)lnz,g(1) =~ (1/2)lnz; for small 7, f(z) = g(1) = (z/2)(inz)®. This
clearly confirm our estimate.

For the HZ~ vertex, similar estimate applies. However, the Z coupling to the
fermion is different from the photon coupling. To start with, the Z boson has both
vector and axial vector couplings. However, for fermion loop, Ferry's theorem implies
that only the vector coupling of the Z contribute. Ferry's theorem is result of charge
conjugation symmetry. The axial vector coupling is odd under charge conjugation.
(Reader is reminded that both scalar and pseudoscalar couplings are even under
charge conjugation). One may ask why should charge conjugation be a relevant
symmetry bere since it is well known that the weak interactions does not respect
charge conjugation symmetry. The argument here is not too diflerent out arguments
in Part 1 about how one see that CP js broken. For fermion loop, one use only
a small subset of the weak interactions. As long as bosons are external fields we
may as well pretend that there are two different external particles, one with the
vector coupling and the other one with the axial vector coupling to the fermion for
symmetry consideration. In that case one can define a charge conjugation symmetry
a5 long as one assigns different C quantum number to the two different Z with vector
or axial vector couplings. This also teil us Ferry’s theorem will not be applicable at
two loop level in which one is allowed to add an Z boson exchange to the fermion
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loop. In that a situation of vector- axial-vector mixing happen in the propagator not

very different from the case of scalar-pseudoscalar mixing for the spin zero case.

As long as the 2 coupling to the top quark is only vectorial in the loop, one
can conclude that its coupling to the electron has to be also vectorial, Otherwise,
we will have an vector-axial-vector mixing in the diagram which is odd under charge
conjugation. This will be the only factor which is odd under charge conjugation in the
two loop diagram. Since the operator we like to generate is C even, we conclude that

this type of mixing can not happen and therefore the Z couplings to both fermions
have to be vectorial.

Through these argument we can immediately translate the H{yy vertex into the
H Z~ vertex, we have

(1 — 4sin? 0w )(3 ~ 8sin’ fw) Grm.a >
32 sin® fw cos? Ow 6+/2x2

(Dfe)ieen =

{[f(lﬂ.,&‘z) + 5(':”-.-:2)11“1 Z;‘l - [f(IH...J:z) - §(-‘=H.,-fz)11m 2;.[} ¥
(97)

with £7 = m3/M3 and J(z,) = vf(@)/(y - =) + 2f()/(z — v) and similacly for §.
Note that pumerically since 4sin? fw is about one, the Z contribution is much lesa

significant than the photon contribution.

For the H~y vertex with the W boson loop, one can do similar estimate. However
one should know where the Higgs couplings to the W boson are derived. The coupling
arise from the gauge covariant kinetic term of the Higgs fielda. For a muliiHiggs model
the Feynman rule for WW ¢, vertexisi 9,097 Ti Re({(#?)*) #7). Therefore the Yukawa
coupling to the electron has to be purely pseudoscalar in order to get CP violation.

This together with the Higgs propagator and the Yukawa coupling to electron gives
. 3 =iMme ooy 9o
Ref(A%) ¢%3 | 2L - TL
lg 2 ( (( t)¢l)| 1\1 /\l.

3 N
- %m,s [|)«,|’1’mjl1 + Z |,\.'|7(Imj.-1 —_ ImA.])]

N
= —ig’m. Y |AifImA,, (98)

i=2
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where in the last equality we have used the unitary gauge condition in Eqn.( 29)
in Section 1.C.. Therefore we expect the answer to be proportional to IrﬁZf, and

independent of ImZg,.

Two loop calculation for the H+yy case gives the electren EDM

(Dol )i = S22 5 [37(anc) + Satoma) + do(ema) + Mzw)]  (99)

where we follow the notations of Refs.[70, 73] with g, = A=* L0, [M[?Im 2, A7 =
T |Aa® and 2y, = M3, /M}, . The function A(z) is defined to be

z gl dz z z(l -z
h(z)=§£ z—:l.'(l—:t:)[l—*-.z--::(l--:.:)los (12 )] (100)

The first two terms in Eqn.( 99) arise from the terms in the Hyy vertex which are
linear in the external photon momentum while the next Lwo terms arise {rom the
terms which are independent of the momentum. In the latter case one has to expand

the propagators in the second loop to get the external momentum factor.
For the H Z~ case, one has

(De/C)':'{-;mp 1 — 4sin’ 8y Grm.a

§sin’fyw B8\2x? g""[%w — tan® 8w) f(zx,, 22)
+ U7 - 3tan0w)i(zn., 22) + 2g(2nm.) + $h(an)].  (301)

where zz = M2, /M3. Note that only the vector part of the Z—é—¢ vertex contributes
to the CP viclating EDM operator and thus produces the suppression factor of (1 ~
4 8in® fw) in Eqn.( 101). If one assumnes, for simplicity, that the lightest Higgs boson
Hg dominates and the other heavier Higgs boson can be neglected, then the numerical
result due to the contributions from Eqns.( 99, 101) are shown in Fig. 27 withno = &,

The W-loop contribution of HZ+ is about 1% of that of Hyy and they have the
same sign.

It is much more ambiguous to translate the subset of diagrams involviog the
unphysical Higgs G*, one needs the coupling of the physical Higgs boson to the
unphysical Higgs pair G*G~. This can be shown to be

L=~AT" MGG )+, (162)
nr
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Figure 27: Numerical estimate of the d,fe via the W-loop when 5, = }.
The data points show the contribution due to the top quark loop for the case Im23, =

ImZ2, = -1 and m; =120 GeV.

where M, is the N x N submatnix of the neutral Higgs mass matrix associated with

é:¢;. Using this coupling, we derive

(DT, = %‘%—‘: 2 2 [em) - otam)] (103)
and

— 4sin? 8w Gpm, n
(D)% =1 8;:,‘;w" 6778 o oo (1 — taa® 0w) (e, 22) — (e, 22)]

(104)
The amplitude for each Higgs boson increases logarithmically with the Higgs boson
mass. In this case, the lighteat Higgs contribution may no longer be the most impor-
tant one. This makes reliable estimate of this type of contribution difficult. However,
the coefficients are small enough that these contributions may not be so significant
as compared to the W-loop contribution discussed earlier except for the case of very
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heavy Higgs boson.

Numerically the contribution from the top quark is generally smaller than that
from the W boson. We demonstrate this point in Fig. 27 by choosing typical values
of the CP violating parameters Im2Z%, = ImZ, = —1 with m; = 120 GeV. It is
worth mentioning that the t-quark loop contribution involves a lineasrly independent
combination of CP violating parameters, ImZJ,, as compared to the W-loop or G-

loop contributions.

To summarize, the W-loop contributions, ignoring the G-loop subset that involves
the Higgs boson mass in the vertex, may provide the majority of the contribution.
The G-loop subset may become important when the Higgs boson mass is very heavy,
in that case, the Higgs sector may be strongly interacting and a reliable estimate is
very difficuit.

{2) chromo-electric dipole moment of quarks The mechanism discovered by Barr and
Zee can also leads to a large chromo-electric dipole moment of the light quarks and
thus gives rise to a neutron electric dipole moment which is almost two orders of
magnitude larger than the usual one loop mechanism. Either the neutral Higgs boson
has to be very heavy or the complex CP violalion phase has to be very small.

If the CP violation arises from a Higgs sector that obeys natural flavor conservation
then the Higgs bosons can be relatively light as mentioned beforel!?- % &% 11. 29, If one
uses the charged Higgs sector to explian ¢, the we can use it to constrain CP violating
parameter. [n turn, we can use the result to predict Dy. For a charged Higgs boson
mass about 10GeV, the one loop contribution to Dy is estimated to be —9 x 10~ *¢—
eml1®) which is not too far from the experimental upper bound of 8 x 10~ — cnl*® 53],
Such a light charged Higgs boson is no longer realistic. For a 100GeV charged Higgs
boson, the one loop estimate of Dy is about 107" — cm. The neutral Higgs boson
can also provide interesting contribution to Dy. The naive estimate of its one loop
contribution gives small result because it is suppressed by three powers of light quark
mass as mentioned in Section 1.C.. A more carefull analysis indicates that if one
considers the neutral Higgs boson coupling to the nucleons instead of quarks the effect
can be much larger. A recent estimate!'® gives 2 x 10-2%(100GeV/Mye )'e — em.

The Barr and Zee’s two loop mechanism provides another way to avoid the light
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quark mass suppression effect. It turns out the leading contribution to the two loop
mechanism are the chromo-electric dipole moments (CEDMs) of the light quarks.
"This is anticipated because when the two photons in Fig. 22 are replaced by two gluons
one gets an enhancement factor of a,/a. However, note that the loop momenta in
the two loop diagram are both of high mass acale, M {which is m, for the most part).
Therefore the CEDM is induced at the scale M. When the QCD renormalization
group correction is taken into account, the scaling of the CEDM operators from the
high mass scale (M) down to the hadronic scale (i) give rise to a suppression effect
of about one percent. This suppressive effect is the same as the one we had discussed

in Section ILA. for the operator O,.

The calculation of the gluonic diagrams is very similar to the photonic ones dis-
cussed before. For gluonic case, we will have to insert soem color factors. It gives rise
to the CEDMs, D 4, for the up and down quarks ™
ImZo - ]mz-o

tan? 8

&5 = gufu = 2 S21VIGr (ImZo((5) + o(2)) ~ Imo(f(2) —9(a))]  (106)
where f(z) and g(z) were defined in Eqn.{ 96) and z is mJ /M. As expected, this
two loop mechanism requires only one power of light quark mass suppression. The

& = 5.fu = (32 VIGF (f(=) +9(2)) (105)

ratio of the vacuum expectation values of the Higgs bosons, vz/vy, is defined to be
tan(g).

The CEDM operators of the light quarks are induced at the heavy t quark or
Higgs boson masa scale when these particies are integrated out in the effective theory.

QCD renormalization effect brings us an extra factor
(20)* o
9:(n)
where we have assumed five flavors between the two scales M and p. The strong
coupling constant g, in Eqns.( 105) and ( 106) bas to be replaced by the runping
coupling g,(s). To estimate the resulting neutron electric dipole moment, we employ

the valence quark model which gives

Dr = sel3fi+ 310) (108)
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Therefore the two loop contributions to the neutron electric dipole moment due to
the CP violating neutral Higgs boson exchange is
s (9 (e ] 5 my
Dy =3 (4«) ( e ) PP V2Gr((lmZo — ImZo)(2mu + -—3-5)(2)
m, - m,
+ (ImZo(2Zmg + tan? ﬁ) + ImZy{2my — m))g(:)] (109)

To estimate its magnitude, assume the neutral Higgs boson to have about the same

mass as the t quark and assume the CP violating quantities ImZ, and ImZ, to be of
order unity. Take M ~ 100GeV, g,(M)/4x is about 0.1, and following Weinberg!®¥,
use g,(p)/4x = 1//B. This gives Dy to be about 7.8 x 10-2*(my/10MeV)e — om.
Therefore even if we conservatively used the current quark masses the contribution is
almost two orders of magnitude larger than the one loop estimate quoted earlier under
the same assumptions about the neutral Higgs boson mass and CP violating param-
eters. If the constituent quarks masses are used instead, one can boost up at least
one order of magnitude of the above estimation of Dy. Also, this is already about
two orders of magnitude larger than the neutral Higgs boson contribution through
the two loop induced chromo-electric dipole moment of the gluon under the same
assumptions'™. Barr and Zeel™ also calculated the electric dipole moments of the
light quarks in the photonic two loop mechanism. The gluonic two loop contribution
discussed here is actually Jarger than the photonic one. This gluonic two loop mecha-
nism therefore provides the most stringent constraints on the CP violating parameters
andfor the neutral Higgs boson mass. Of course, one should also keep in miod that
the estimate of Dy is necessarily more uncertain than the photonic one due to the
low energy hadronic physics. Using this mechanism, one can already rule out some
of the models of CP violation which use the neutral Higgs bosons as the main source
of CP violationl'.

C. Electric Dipole Moment of W boson

Here we like to discuss another recent development about CP vicaltion, the electric
dipole moment Dy of the W gauge boson, Dy,
Immediately after the discavery of CP violation, it was suggested by Salzman and
Salzman!™ and others/™ %) that the observed CP violation in the neutral kaon system
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might result from an intrinsic electtic dipole moment of W. The order-of-magnitude
of the CP violation parameter ¢ in the kaon decay is very close to afx and hence this
suggested a CP violating electromaguetic effect on the weak interaction amplitudes.
It was also realized that a finite Dw could induce an electric dipote moment for the

neutron.

There are two levels one can pose questions about Dw. The first one is, given
a model of CP violation, how large is the induced Dw. This question has been
investigated to one loop level in ref.{81, 82] In particular, it was found that there is
no one loop contribution in models in which there is no right-handed vector current.
Models in which CP violation is mediated by Higgs bosons are examples of this type.
In models in which CP violation is mediated by neutral Higgs bosons, a two loop
analysis of Dw has been presented in ref.[83]. Two loop contributions to Dw for
models in which CP violation is mediated by charged Higgs bosons has also been

donel®. In this section we like to review these calculations.

At the second level, one likes to know given a nonzero electric dipole moment
for W what kind of physical measurement will constrain its value. Marciano and
Queijeiro™ updaied the orignal analysis of Salzman and Salzman!™ and they found
that measurements of the neutron electric dipole moment of the order 107%%¢ —~ em.
could be used to place a very stringent upper bound on Dy for its absclute magnitude

1Dw| € 107 e—cm. (110)

They have assumed a resonable form factor to tame the divergence. Unless this
form factor suppression is much stronger, otherwise the restriction eliminates the
possibility of using Dw to explain ¢. However, the effect of Dw of the order of
10~%¢ ~crn may still be accessible®® jn certain processes, for instance in the scattering
et — Wy, for future experimenta. Also, careful studies of the polar and azimuthal
distributions of leptons and antileptons produced in W decays® may further provide
useful conatraints on the size of Dw. With the increasing production luminosity of
W pairs in laboratories, it becomes of current intereat to estimate the size of Dy in
various CP-violating gauge models.

As it is well known that if P- and T-symmetries are violated, elementary particles
with spin degrees of freedom may have electric dipole moments. The most general
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form of the W boson coupled to a photon has seven terms® among them two of
which violate P- and T- and hence CP-symmetries,

aewiw, F 4 i My wl we e, (111)

Here W, is the W~ gauge potential, W, = 8, W, — 8, W, + - --, and the dual of the
photon field strength is B = %c"""(ﬁ,A, ~ d,A,}). In the momentum space, these

terms can be expressed as

L

Here p and p" are the incoming and the outgoing momenta of the W boson. The form
factors f; = A—k and f; = 1) are functions of (p— p/)? (the square of the momentum
transfer). The electric dipole moment Dw can be expressed!®? in terms of these form
factors in the limit (p — p')* — 0 in the unit of e/2Mw = 1.2 x 10~ e-cm,

Dw =(fi —4f2)(ef2Mw) . (113)

In gauge theories, a CP-violating but SU/(2), invariant term 8W* W,, can be added
to the Lagrangian. However, this term can be rewritten as a total divergence and
thus will not coniribuie to Dy perturbatively. Nonperturbative effects due to such a
term in suppressed at least by a factor® exp(~872/g?), where g is the weak coupling
constant, and hence extremely small. In what follows we will ignore this contribution.
Also, note that the first term in Eq. (2) has a dimensionality of four. However, this
term is not invariant under SU(2); x U(1) and, therefore, can only be generated
through higher dimensional gauge invariant terms of the form ¢*"W1W A, Here o,
represents, generically, an interaction of n neutral Higgs fields. Since the other term
already has a dimensionality of six, the CP-violating electromagnetic form factor is
thus induced by operators with a dimensionality greater than four. As a result, Dy
is calculable even in models with *hard® CP-violation. Note that the second term
can be SU(2)L x U(1)y invariant if all three fields arise from SU(2),.

It is interesting to note that Marciano and Queijeiro!®® used only the dimension
4 term in Eq.( 111) as effective interaction to calculate the neutron electric dipole
moment induced by it. To regulate the divergent integral, they introduced a form
factor, A o
(A~ M)’
F—E = ATy(e + kg =A%) (114)
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where g, k are momenta the photon and the W respectively, to cut off the integral.
They found that the experimental constraint on D, implies that the coupling k has
to be < 10-2. There are two interesting questions one can ask about this result. First
of all one like to know how madel dependence is the form factor they used. This can
be done by analyzing the form factors of some of the models that we will calculate
later. This work is still in progress. Secondly since the dimension six operator can
give as important contribution to Dy as the dimension four one, one like to ask the
same question for this operator as well.

An obvious distinction between the CP-conserving and the CP-violating eletro-
magnetic form factors of W is that the CP-violating terms are directly proportional
to the Levi-Civita tensor. Such a tensor occurs naturally in the spinor trace of the
Dirac matrices, ¢*® = iTr(7"7*7"7?4s). Thus the fermion loop is required to give
Dw. This fact can be understood in a differnet way. A perturbative renormalizable
theory that contains only gauge bosons and Higgs bosons (without fermions) is always
invariant under the symmetry Pz = z,, W* — W,, ¢ — 4. Consequently, the
lowest order that may potentially contribute to Dw must contain fermion loops.

To study the size of Dw quantitatively, we consider the following general W.

fermion intleraction

£ = —%W: E Fr (VL + UGB + Z(m-‘fufm + mi fi.fR)- (115)
.2 L}
Here LR = }(1 F 7s), ¢ and j are generation indices, f and f' represent fermion

fields with charges different by one unit. The phases in the mixing matrices V aad U
are the sources of the CP violation. CP violation requires only one f and one f'. We
put in more than one just for generality. The CP violation mechanism is the same as
the left-right model one discussed is Section .D.. Clearly, Cp vioaltion requires that
our answer be proportional to m;m{VU for the simplest one generation case. The
one-loop contributions to Dy are depicted in Fig. 28. Evaluating these graphs, we
find

e mym;
Dw = ga?__z,.: 2Mw M3,

where the function is

I(z,y) =j°‘ da

T I (VUM QT e ) + QT s ), (126

[+
afla—1)+ar+ (1 —aly-
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(117)

w w

Figure 28: One-loop Feyaman graphs for calculatiog Dy due to the lefti-handed and
the right handed currents,

Here Q; and @} are the charges for the fermions f and f* respectively. The color
factor C is 1 or 3 for the lepton or for the quark. The fermion masses m; and m;
occur explicitly in the {actor "E"" due to the helicity argument. Typical value of the
function T at the electroweak scale is about unily, e.g. Z{1,1) = v3x/9 ~ 0.6.

Note that this one loop contribution gives rise to only the dimension four operator
io Eqa 111. It seems to be the general case that only the model with some kind of
right-handed current can contribute to Dy at the one loop level and at the one loop

level the only operator that is induced is the dimension four one. The reason for this
is not very clear yet.

In the following we shall go through different models of CP violation and investi-
gate their contribution to Dw (1). In the KM model,[¥ the electric dipole moment
vanishes at one-loop level because there is no right-handed current (Us; = 0). A two
loop estimate was given before in Eqo.( 17) of Section L.B.. In fact, one can argue
that even at the two loop level the contribution is probably zero. The argument goes
as follows. There are only four fermion lines in the two loop diagram. In the unitary
gauge, all the interactions are left-handed therefore the quark masses must appear
quadratically. In the KM model, the CP violation disappears when any two of the
up- or the down-type quarks are degenerate in mass. Therefore we expect any CP

violating effect to ici(mi
g effect ta carry a factor of IT;¢;(md, - m Yml, — ml ). As a result, there
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Figure 29: A sample of two-loop Feynman graphs for calculating Dw in the neutral
Higgs model of CP violation.

are a total of 6 powers of quadratic mass differences. The GIM effect at each fermion
line in the loop yields one factor of quadratic mass differences. Therefore, from a two
loop diagram, it can only produce four powers of quadratic mass differences which is
smaller than the § powers as needed for CP violation. The arguemnt is of course very
qualitative. In fact it contradict with a recent claim by Hoogeveen™® who calculated
three loop contributions to the electric dipole moment of the electron. His diagrams
contain a two loop subdiagram which is supposed to contribute to Dw.

(2). In the Weinberg-Higgs modell®, U;; = 0. Consequently, Dw = 0 at ope-loop level.
However, a nonzero Dyw can arise through two-loop graphs. The dominant diagrams
for neutral Higgs models of CP violation are shown in Fig. 29 Some of the neutral
Higgs contributions (Fig. 29(a)} bave been recently studied by He and McKellar.[®4
The complete two loop amplitude still requires more detailed calculaticns. Also, they
have only calculated the contribution of the diagrams to the dimension four operator
in Eqn.{ 111). In general, the dimension 6 operator can contribute as large as the

dimension four one in this case.

For the charged Higgs models the leading diagrams are shown in Fig. 30. Note
that if the charged Higgs mass is as large as the neutral Higgs mass and they have
similar CP violating phases then the neutral Higgs contribution will dominate because
the charged Higgs diagrams are suppressed by extra powers of lighter quark mass (m,).
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Figure 30: A sample of two-loop Feynmaan graphs for calculating Dw in the charged
Higgs model of CP violation.

However, in many modelsl® 1% the charged Higgs can not be too heavy because it has
to be used to explain ¢ while there is no similar situation for neutral Higgs. Therefore
it is still very interesting to investiagte charged Higgs contribution!™!,

Here we shall only estimate the size of Dw for neutral Higgs models to be of the
order

Dw NSRHSH(E—:) (= 2MW (118)

The CP violating phase §y characterizes the mmplex mixiog in the Higgs seclor. It
could be of the order of unity. The contribution is large if the the mass mys of the

neutral Higgs is small. With three generations of fermions, it gives
10 GCV)

Dw(Higgs Model) < 10~( —em, (119)

100 G'eV) (
For my ~ 100 GeV and mype ~ 10 GeV, this yields Dy < 107 - em

(3). In left-right modelsl® ¥ the leading contribution should be due to the CP
1



violating phase associate with the left-right mixing. The electric dipole moment
Dw arises even for the case of only one generation. We can consider the dominant

contribution from the top and the bottom quark generation (assuming gz = gr)-
Im{VyU)y) ~ £ sinbpp, (120

where ¢ is the left-right mixing which is bound!*®l by £ < 5 x 107%. We find the

dominant contribution is of the order

g mym,
83 Mﬂ (

Dw(LRMOdel) = £sinra— M

x[zz(M, v ) I(M, ,M, )] < 107 — cm. (121)
(4). In supersymmetric (SUSY) models™ the internal fermions in Fig. 28 can be
supersymmetric particles —the charginos and the neutralinos. To show the basic
mechanism of the CP violation, we consider only the case when the neutralino is
the photino 4 and the chargino is the wino w. In general, the photino will mix
with the neutral higgsino, the zino and the neutrinos; and the wino will mix with
the charged higgsino. We avoid this extra complication in the simplified scenario in
order the illustrate the physics involved. One can easily extend our approach to the
general case, In terms of the independent Weyl's fields w}, wg and 4z, the relevant

Lagrangian is

L= —cW:'(w_I'r“’;(L + W) — maFE gL — meetwiurt 4o+ hoe (122)
The mass terms of the wino and the photino break supersymmetry softly. A phase &g
in the mass term is usually allowed and it cannot be totally absorbed by redefining the
fields. Consequently, this causes CP non—conservation, To recover Lhe vsual form of

the mass expression, we define the Dirac field w* = w} + e¥#{w7 ) and the Majorana
field ¥ = 41 + #¢. The above Lagrangian becomes

. X 1. o
£ = —eWrura*(L - e R)F — FmiTT - mowrwt 400, (123)

Both the left-handed and the right-handed currents appear with a relative phase §5.
We can obtain Dy from Eqns.( 115~ 117),

e m3
Dw = 5o Mw)  sin 85T (1o L M;' : (124)
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Usually there could be additional factors due to the the mixings among charginos
and neutralinos. At present, no direct phenomenological constraint on these mixings
is available. Also, the CP-violating phase &5, allowed by the soft supersymmetry
breaking Lagrangian, could be naturally of the order of unity. The only natural
suppression on Dw in this class of models is thus the loop factor ¢?/4x?. As a result,
we expect that in supersymmetric models Dw could be as large as the present limit
given by Eqn. 110

Dw(SUSY Model) < 107 e—cm. (125)

(5). In mirror modelsl™ the presence of mirror quarks and mirror leptons introduces
right-handed currents with W. The mixing between a quark and its mirror image,
£, is strongly constrained by the absence of flavor changing neutral current, where
one finds™)

£ <1077 - 1074 (126)

The relevant Lagrangian can be written as:

L = '%Wp(fm" dy + Urvy" DR)

+MuigUe + Mudr Dy, + My(uUs + dy Dg)

+mytipug + deLd}l + muU;,Ua +mpD D4 - . (127)

Note that M; are SU(2); invariant masses and m, are SU(2), broken masses. It
is reasonable to assume that m,, m, are the smallest massive parameters. Also, the
constraint on mirror mixing, Eqn.{ 126) requires my,mp » M. 4. It is possible
to define the fields so that only my,my are complex, i.e. CP violating parameters.
Therefore the CP violating effect shonld be proportional to either m, or my. Now, it
is easy to draw diagrams that will contribute to Dyw. Some typical ones are shown
in Fig. 31.  Each M; ipsertion corresponds a factor of & mixing. It then follows
from Eqns.( 115- 117) that contributions to Dw from virtural quark-mirror-quark
exchange is typically of the order

Dw ~ i—{*ainﬁ ( )m' <10~
grvt MRy ¢ = cm. (128)

The phase §)s characterizes the complex mixing among the quark and its mirror.
A similar size of contribution can also be generated from lepton-lepton mixings. It

(g



Figure 31: Typical graph for Dw in the mirror models with the relevant mass inser-
tions illustrated.

should also be pointed out that the coostraint on {, can be evaded if (1) there is a
fourth generation and (2) its mixing with the rest of the generations are negligible.

In that case, we find Dw can be as large as of the order 1072%¢ ~ cm.

Conclusion

We have reviewed the basic mechanisms of CP violation in gauge theory. We have
also used the recent development in CP violation as example to illustrate how these
mechanisms work in producing CP violating phenomenology. There are a lot of very
exciting CP phenomenclogy we have not been able to cover due to limiting in space
and time. Examples are CP violation in the B system or CP violation in K3 decay,
hyperon decay. However armed with the mechanisms and the examples illustarted in

this paper, the reader may be able to do some exploring of his own.
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